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>-€*0'-r)TrDlNATION OF Yb’+ IN PHOSPHATE, 
^i-(^^SILlCATE, AND GERM AN ATE GLASSES* 

CHARLES C. ROBINSON and J. T. FOURNIER 

C entral Research l aboratory, American Optical C'orp. Southbridge. Mass. 015,50. U ..S.A 


iRt'ceived 10 Niwcnihcr 1969) 


Abstract- The optical absorption and emission spectra of Yb^" in /.inc-aliiminophosphale. alkali- 
barium-silicate and alkali-barium-germanate glasses have been investigated at temperatures near 
2()"ls. Analysis ol the spectra within the fiamcwiork ot crystal field theory shows that in all three 
glasses the spectia aic consistent with si.\ co-ordinated Yb", The observed splittings indicate crystal 
field components of symmetry lower than cubic, and the magnitude of the distortion fields are found 
to vary with glass type A correlation of the absorption inlensitics with the magnitude of the distortion 
fields IS also observed Finally, a model rare earth site is proposed, and a mode ol distoilion which 
leads loti igonal fields at the rare earth site is discussed. 


1. INTRODUCTION 

In a recent note the present authors sith- 
mitted evidence for six-fold co-ordination of 
Yb'‘+ in phosphate, germanate. and silicate 
glasses derived from an application of crystal 
field theory to low temperature optical 
absorption and emission spectra(l|. To 
illustrate the results of our investigation, the 
spectra of Yb'" in a lanthanum metaphosphate 
glass was discussed in detail, and the similarity 
of spectra in other glass hosts was noted. In 
the present work, an analysis of ytterbium 
spectra in a /.ine-aluminophosphate glass, an 
alkali-barium-germanate glass, and an alkali- 
barium-silicate glass is presented. 

The Yb'" ion has ground configuration 4/'-*. 
This configuration gives rise to the multiplet 
T',,.. T'v;;. with the,/ = {level lying lowest. In 
the glass hosts studied, tHe y-lcvels are 
separated by about I0,500cm“', and each 
./-manilold is split through interaction with the 
crystal field. 1 1 is found that in all three glass 
hosts the observed splittings are compatible 
with a distorted octahedral field. From a com- 
parison of the splittings of the octahedral 
manifolds and of the observed absorption 


' Work supporled in purl by the U,.S, Army FIccironic.s 
f ommiind. Fort Monmouth. New Jersey, underC'ontract 
No I)AAB07-6«-C-()3l.t 


intensities, it is shown that the magnitude of 
the low symmetry components of the crystal 
field vary with glass type. Finally, model 
structures consistent with the observed 
spectra are discussed, and it is suggested that 
the environmental di.stortions lead to trigonal 
fields. 

2. EXPERIMENTAI, PROCEDURES 
1 he glasses employed as hosts for the rare 
earth have multicomponent compositions 
typical of technical glasses. The nominal 
compositions determined from the batch 
mixtures are given in Table 1. Volatile 
materials in the starting mixtures which are 
expected to be lost through boil-off have been 
disregarded. Glasses containing approxi- 
mately 1-5 wt % Yb-^Oi were prepared for 
investigation of absorption spectra. Specimens 
containing approximately 8 wt % YbjO.! 
and 2wt % NdjO:) were employed in the 
emiBsion studies. The Yb'*'^ concentrations 
in the ab.sorption samples have been deter- 
mined first by carefully observing the batch 
weight before and after melting, and second 
by chemical analysis of the resulting glass. 
In the first method, it has been assumed that 
none of the rare earth is boiled away during 
the melting process. The results are sum- 
marized in Table 2. Also included are the 
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Table I . Nominal compositions of doped ftlasses 



Stilt <llc 

Ahsi>! plKJIl 
Stimpic 

1 nilSSlDII 
Sciinple 


(icrmanate 

Absoi plion 
sample 

F.niission 

sample 


Phosphate glass 
Absorption 
sample 

Ernksion 

sample 


(Wi"-M 

(Wi 'r ) 


(Wl9fl 

iwiot) 


(Wi%) 

(Wl %) 

S](), 


9,1 9 

(.tO, 

79-.S 

726 

P.O,, 

715 

65-4 

Nm,() 

7 S 

9 8 

N.i.O 

49 

4 S 

A1,0;, 

9-9 

90 

K.O 

II r 

10 t 

K,,n 

74 

68 

ZnO 

17-1 

15-6 

H;i() 

S II 

4 ,s 

B;i() 

,1 1 

30 

Vh,0., 

r5 

8-0 

Sh.O, 

1 (1 

1 0 

Sh,(), 

0 7 

0 6 

Nd,0, 


20 

Al.d, 

1 6 

1 4 

AI.O, 

10 

0-9 




/nO 

1 9 

1 4 

/iiO 

1 0 

0 9 




1 i.f) 

1 11 

ID 

1 1,0 

0-7 

06 




S h.O, 

1 -S 

8 1) 

Vh.,0, 

1 s 

80 




Nd.O, 


24) 

Ncl.O, 


20 





7 able 2 I’li 

wsical paraiiic’lers < 

)f Yb'" doped absorption samples 

( ilass 

Silitatc 

( Icrmanatc 

Phosphate 

W'l'l Vh,<), 

1 38 +. 0 03 

1 .57.H)07 

1 6±fl-10 

liDiH <in<dysis 




1 )erisilv Ig/ecI 

2'53(, 

3 952 

2 726 

y'h'' lons/ci. 

( 1 07 * 0 02) IO-“ 

(1-89 to f)*)) It)-'" 

n'.34 4:04)8) I0-" 


liuloxdl' I mi: l■6^■^ 1'505 

rcliiitlioii al 

l(l(l(lnni 


deriMlies. ihc indices of refraction, and the 
Yb" concentrations in lons/ciri'’ for the 
absorption specimens, 

[he neodymium added lo the emission 
samples serves as a sensitizer for the Yb-'’^ 
emission. In all the glass hosts employed. 
Nd-'^ has an emission line at about 1060 nm 
which interferes with the Yb’’^ spectrum. 
However, the neodymium emission is 
strongly quenched by energy transfer to the 
ytterbium. This has been verified by examina- 
tion of the characteristic Nd'" emission in 
regions of the spectrum where the Yb'" 
spectrum does not interfere. In all cases, the 
Nd'*' emission at 880 and 920 nm was 
barely discernible, and the weaker 1090 
and 1350nm lines were completely absent. 
It is assumed, therefore, that the neodymium 
makes a negligible contribution lo the ob- 
served spectra. 

A Cary Model 14 spectrophotometer and 


a Cary Model CD-151 liquid helium Dewar 
were utilized to measure the low temperature 
optical spectra. Samples were mounted in a 
copper cold finger which threads into the 
liquid helium container. The temperature of 
the cold finger was measured with a german- 
ium thermistor. An estimate of the difference 
in temperature between the sample and the 
cold finger was obtained through the use of 
a copper constantan thermocouple embedded 
in the glass, with the reference junction 
clamped under the thermistor. 

Absorption measurements were made on 
rectangular, polished glass flats of dimension 
5 X 17 mm with thicknesses from 5 to 10 mm. 
A copper fixture was used to hold the samples 
in close contact with the cold finger. Silver 
impregnated vacuum grease and indium 
metal shims were employed to obtain good 
thermal contact. The emission samples had 
dimensions 17 X 5 X 5 mm and were clamped 
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to the cold finger in such a manner to permit 
right angle illumination by a xenon arc lamp. 
A heat-screen filter, opaque to wavelengths 
longer than 800 nm. was inserted between the 
lamp and the sample. 

3. ABSORPTION AND EMISSION SPECTRA OF 
Yb'^ IN GLASS HOSTS 

The optical spectra of in the three 
glasses studied are shown in Fig. 1. In the 
case of the absorption spectra, we plot the 
absorbance a defined by the relation / = /« 
exp {-at ) , where /„ and / are respectively the 
incident and transmitted intensities, and / is 
the sample thickness. The fluorescent in- 
tensities are plotted on an arbitrary scale; no 
attempt to measure the specific emission 
intensity has been made. 

Principal absorption peaks are located at 
917'0, 958 0 and 973'9nm in the zinc- 
aluminophosphate glass, F.mission bands with 
peaks near981 0, 997 0, 1020 0 and 1054'0nm 
are observed. The principal absorption and 
emission peaks in the alkali-barium- 
germanate glass are found at 973 0. 957-5 
and 908-5 nm, and 981-5. 1002-0, 1024-0 
and 1063-0 nm respectively. In the alkali- 
barium-silicate glass, principal absorption 
peaks appear at 910-0. %0-0 and 972-3 nm 
and emission peaks are found near 976-0. 
1004-5, 1024-0 and 1065-5 nm. 

In addition to the principal bands, secondary 
absorptions too weak to be evident in Fig. I 
are also observed. Peaks are found near 
825, 870 and 934 nm in the phosphate glass, 
830. 885 and 925 nm in the silicate glass, and 
845 and 937 nm in the germanate glass. Base 
glass samples containing no rare earth are 
found to be free of the weak secondary absorp- 
tions. To determine whether these bands 
originate from other rare earth impurities 
introduced with the YbjO-j, the samples were 
examined for characteristic absorptions in 
other regions of the spectrum, but no bands 
were observed. Apparently,*a small portion 
of the ytterbium ions are found in sites dis- 
tinctly different from those occupied by the 


Yb-'*'^ ions which give rise to the principal 
spectra. 

Concentrating on the principal bands, it is 
seen from Fig. 1 that in all three cases the 
shortest wavelength emission band strongly 
overlaps the longest wavelength absorption. 
Because of the high Yb“+ concentrations in 
the specimens used for emission studies, the 
shortest wavelength emission band is distorted 
by self-absorption with a resulting shift in 
the observed peak position. Since previous 
inve.stigation of the Yb-''^ emission in a silicate 
glass shows negligible Stokes shifting[2]. the 
long wavelength absorption peak has been 
employed to locate the lowest lying state of 
the excited multiplet. 

Comparison of the Yb^^ spectra in the three 
types of glass shows a striking similarity in 
spectral features. The line shapes are similar 
in all three hosts, exhibiting the same asym- 
metries despite differences in widths and peak 
positions. Although the absolute intensities 
vary between glass types, the relative inten- 
sities of the lines are nearly equal in the three 
hosts. Furthermore, except for differences in 
linewidths. the zinc-alumino phosphate glass 
spectra are identical to the Yb-’’^ spectra 
observed in the lanthanum metaphosphate 
glass discussed in Ref. (1]. These results 
suggest that the Yb'* ions reside in essentially 
similar sites in phosphate, silicate, and 
germanate glasses. An indication of the 
symmetry of this site is derived in the follow- 
ing section from a consideration of crystal 
field effects within the Yb-'*^ free ion multiplets. 

4. CRYSTAL FIELD ANALYSIS OF Yb»<^ SPECTRA 
The single electron levels derived from the 
observed absorption and emission spectra 
are shown in Fig. 2. The degeneracies are 
completely resolved; each y-level exhibits 
the maximum number of Kramers doublets. 
While the complete splitting of the 7-manifoid 
degeneracy indicates low symmetry crystal 
field components at the rare earth site, the 
grouping of the Kramers doublets is com- 
patible with six-fold coordination of the rare 
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big. 2. Eiwr^jy levels derived from the iibsorpuon und emission speclru. (a) /inc-aliiminophcisphale glass 
(h) alkali-biirium-gcrmanalc glass, (c) alkali-bariiim-Mlicale glass 


earlh at a site where the crystal field is 
predominantly cubic. 

In a crystal field of cubic symmetry the 
six-fold degenerate 7 = -} manifold is split 
into a doublet and a quartet, and for octa- 
hedral (six-fold) coordination the quartet 
lies lowestl3|. Examination of the absorption 
spectra of the Yb^* ion in the three glass 
hosts shows that in all cases the two lower 
doublets lie close together, as would be the 
case if these levels were split from the 
octahedral quartet by a perturbing field of 
lower symmetry. In Fig. 2. the observed 
Kramers doublets are grouped according to 
the octahedral states from which they are 
assumed lo derive, and the resulting mani- 
folds are labeled by the appropriate irreducible 
representations of the cubic group Oh- The 
t manifold yields a quartet 1„ and two 
doublets Ffi and I^. The consistency of the 
assignment shown in Fig. 2 is demonstrated 
by a quantitative consideration of the octa- 
hedral crystal field. 

In the crystal field theory, the ion of interest 
is taken to reside in a potential V which can 
be expanded in spherical harmonics according 
to the relationship [4] 


B„„r>Yr{6.<S>). (1) 

l.m 

The effect of the potential V on the free ion 

energies and wavefunctions is determined 

by application of the interaction 

= V(T,). (2) 

I 

where -p is the charge on an electron, and 
r,- denotes coordinates of the /th electron. For 
rare-earth ions, matrix elements of ,/T,. 
between 4/' wavefunctions are required, and 
terms up to sixth order survive in the expan- 
sion of V. The form of the potential is further 
restricted by the symmetry of the environment. 
For a field of cubic symmetry 0,, with ; 
direction taken to lie along a three-fold axis 
C;,. the interaction becomes 

.r, = /t 4” 2 ( 35 - 30 + 3 r/) 

( 

+ -44'* s 4'i(jr.’-3jCLV,2) 

I 

(231z,«-315r,V 


+ 105r,V-5r.«) 
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+ (II field splittings of only a few hundred wave- 

numbers are observed, the energies of the 
+/!/' 2 1-'' Vvi^+ 15a',^',‘'— v,®). (3) crystal field levels can be determined by 

application of within each 7-manifold 
The Af"' are simply related to the B(,„ of equa- separately. The eigenfunctions in the presence 
tion (I), and depend explicitly on coordinates of are completely symmetry determined 
and charges of the surrounding ions in the and appear in Table 3 expanded in a basis 
lattice. In the case of an octahedral field due of free ion functions |4/''', -F; 7, M,;) . Evalua- 
lo six point ions of equal charge equidistant tion of the energies of the crystal field levels 
from the rare earth, direct evaluation shows is facilitated by application of the operator 
the/l(™ are connected by the relationships equivalent method [5], The characteristic 

octahedral splittings are found to be 

l()V2. — - -^.and — A, =-1-870/1.," <r-‘) + 3-776 A‘'{r®). (4.1) 


Consequently, the octahedral field is uniquely 
specified by two independent parameters 
which can be chosen to be/I i"and/f,i" 

.Since the ^ and the ^Fy.. manifolds arc 
separated by about lO.^OOcm ' while crystal 


A, = -3-ll7/i;'(r")-4-366/l„"(r"), (4.2) 

and 

A;, = -3-428/l4"(r"). (4.3) 

where (r*) and (r") are expectation values 


Tahtc 3. Octahedral wavefiinclions expanded in 
terms of basis functions |4/'''*. -F; J.M.,) which 
diaponaitze J,. with z axis along a C,, axis of the 
octahedron 

0 66671-Fl-l) -0 7454|i!-i) 

I ; 

()6<i67|»-j) -0-74,^41? 4-!) 

15 -H) 

J - f 

n74S4|-J-l-S) +0M.(>7]i -i> 

I , 

-t)74.S4|i|- j) +0-666715 + i} 



0-6236|5+-J) +-0-7454IJ + }) ■) 0-:.357||- 5) 

I , 

0 6236|i-|> +0-7454|5-i) -0-2357|.! + 5) 
li + t!) 

t).'i443|i-5> -0-43031)+-!) -0-720l|) + i) 

I , 

0-54431!+ j) -0-43031!-!) +0-72011!-!) 

I!"!) 



-0-80.50|! + 5) -0.5093I5-!) +0-30441!-!) 
0-805015-1) -0-50931! + !) -0-3044|! + !) 
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of r* and r® for the 4/ wavefunction of the 
rare earth in the glass. While these moments 
can be approximated employing free ion 
wavefunctions, we shall simply regard the 
products and A^^ir^) as parameters 

to be deduced from the spectra. 

The two splittings A, and Aj in the 7 = i 
manifold permit the evaluation of both 

and A/ir'^). Since the octahedral 
splitting A, of the 7 = t manifold involves 
/!/(/■'') exclusively, the optical data yields 
two independent values of the fourth order 
parameter. Comparison of the values provides 
a check of the consistency of our assignment 
of the Kramers doublet to parent octahedral 
manifolds. Parameter values determined from 
the observed splittings in the three glass types 
are listed in Table 4*. The two values of the 
fourth order parameter are found to be in 
good agreement. 

I'rom the preceding analysis, it is clear 
that the gross features of the Yb^^ spectra 
are consistent with a six-fold co-ordination 
of the rare earth in all three glass hosts. How- 
ever, the observed splittings of the I'h mani- 
folds indicate departures from octahedral 
symmetry, and differences in the magnitudes 
of these splittings in the three glasses suggest 
that the low symmetry fields vary with glass 
type. A quantitative measure of this effect 
is the ratio of the splitting of the r„ quartet 
of the 7 = t level to the cubic splitting A:,. 
The ratios are found to be 0-207, 0-258 and 
0-305 for the silicate, germanate and phos- 
phate glasses respectively. This result 

Tn Ref. [IJ. the cry^tal puteniml was expressed in a 
coordinate system with z axis along a four-fold ((',) axis 
of the octahedron rather than along a three fold (C'j) 
axis as has been done m the present work. The form of 
the crystal potential and resulting eigenfunctions differ 
in the two different schemes, and the magnitudes of the 
crystal field parameters differ In fact, the parameters 
arc simply connected by relationships 

//."(C,) 16- 


SILICATE AND GERMANATE GLASSES Wl 

Table 4. Effective octahedral field para- 
meters A 4 “(r^) and Aa^^r*) for Yb-’^ 
in alkali-barium-silicate, alkali-barium- 
germanate and zinc-aluminophosphate 
glasses 


Glass type 

A.-'ir'} 

(/ = !) 

iJ=l) 

{j = i) 

Silicate 

-186 cm' 

-176 cm' 

25 cm' 

Germanate 

-189 cm-' 

-162 cm ' 

13 cm' 

Phosphate 

- 161 cm' 

-154 cm ' 

17 cm'' 


indicates that low symmetry fields are the 
largest in the phosphate and smallest in the 
silicate with the germanate falling inbetween. 
Another indication of this effect is found in 
the observed intensities of the absorption 
spectra. 

The ^F 7,2 transitions in the Vb^-*- 

ion all occur between the states of the 4/’’ 
configuration. In the free ion or in a cenlro- 
symmetric crystal field, such transitions are 
strictly parity forbidden. Magnetic dipole 
and electric quadruple transitions are allowed, 
but the intensities of rare earth lines are 
generally too great to be attributed to these 
radiative processes[6]. In solids, though, ad- 
mixture into the 4f" configuration of stales 
from configurations of opposite parity 
(e.g. 4f’'~'5d) by means of non-centrosym- 
metric components of crystal field permits 
so-called forced electric dipole transitions 
which are sufficiently strong to account for 
observed intensities. Although the intensities 
are related to the odd terms in the crystal 
potential in a rather complicated manner[7]. 
an enhanced Yb^"^ absorption in a particular 
glass can be taken as an indication of greater 
distortion in that host. 

A convenient measure of the intensity of an 
optical band is the oscillator strength / which 
is related to the area under the absorption 
curve by the relationship [6] 


The coordinate scheme with z axis along C, has been 
chosen because this symmetry -axis survives in the rare- 
earth site model envisioned, while the C, axis is destroyed. 




( 5 ) 
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where n„ is the volume density of absorbing 
centers. (Oscillator strengths calculated using 
this e.xpression include local field effects im- 
plicitly), fhe oscillator strengths determined 
from the low tempeiature absorption spectra 
of Fig, I are shown in l able 5. For com- 
parison, calculated values of the magnetic 

7 able 5. Experimental oscillator 
streiiftths determined jrom 

low temperature V'b''^ absorption 
spectra and the mtiftnetie dipole 
osdilator strenftth f,„„„ calenlaled 
for the free Yb’+ ion 

/m.. 

Sitiuite (1 S2 + () (l8)lfl " 2 59 x10 ■ 

Ciermanule l2 K1^-() 1.1)10 " 2 8Ax 10 ■ 
Phnsphate (.1 24) 10 '■ 2'60xl0' 


dipole contributions to the free ton oscillator 
strengths arc also listed. (.See Appendix for 
details). Since the experimental oscillator 
strengths exceed the magnetic dipole strengths 
by at least a factor of six. the observed 
ditferences in Yb’' intensities in the three 
glasses are attributable to ditferences in 
electric dipole contributions. The oscillator 
strengths are seen to follow the same trend 
as the splittings of the ! „ manifolds, increasing 
in the order silicate-germanate-phosphatc. 
It should be noted that the crystal field 
components which act to break the parity 
selection rule are not eflective in splitting the 
d-manilolds since these terms are of the 
wrong parity to couple stales within the 4/" 
configuration. The observed trend in inten- 
sities thus provides an independent measure 
of site distortion. 

5. DISCU.SSION 

The observed regularities in the Yb'^ 
spectra indicate that the rare earth is incor- 
porated in the glass at sites of distinct sym- 
metry. The peak positions are found to be 
consistent with a six-fold coordination of the 


rare earth, but the splitting of the I „ quartets 
requires departures from octahedral sym- 
metry. Furthermore, the crystal field com- 
ponents of symmetry lower than cubic are 
necessarily associated with non-random 
distortion of the environment since transitions 
to the states split from T^ manifolds are 
resolved in both absorption and emission 
spectra. 

A further indication of the structure of the 
glass in the vicinity of the rare earth is 
derived from consideration of the Yb''+ 
doped lanthanum metaphosphate glass 
discussed in Ref. [1], This glass has com- 
position RE(PO,|).i. and. as previously noted, 
the Yb^* spectra in this glass is nearly 
identical to the /inc-alumino-phosphate 
spectra, faking the PO^ tetrahedron as a 
basic structural unit [8, 9] leads to a network 
in which each rare earth is coordinated by 
three tetrahedra with each tetrahedron 
providing two nearest neighbor non-bridging 
oxygens to the rare earth. The two remaining 
oxygens associated with each tetrahedron are 
bridging oxygens shared by other PO, 
tetrahedra which are themselves adjacent 
to other rare earth ions. Each rare earth ion 
can be considered part of a locally well 
defined complex consisting of the three 
tetrahedra clustered about the rare earth. 
Variation in the P-O-P bond angle allows 
for randomness of the structure beyond the 
complex and permits one to consider only 
those contributions to the crystal field at the 
rare earth which arise from ions in the 
complex. A diagram of such a complex 
with the six non-bridging oxygens arranged 
to torm a regular octahedron is shown in 
Fig. 3. Taken as a whole, the complex has 
£>,, symmetry with the C-^ axis of the octa- 
hedron being preserved as the prime symmetry 
axis. In this structure the ions of the complex 
beyond the six nearest neighbor oxygens 
contribute to trigonal components of the 
crystal field which act to split the octahedral 
degeneracies. Furthermore, consideration 
of ion sizes suggests that additional physical 



CO-ORDINATION OF Yb»+ IN PHOSPHATE, SILICATE AND GERMANATE GLASSES 


903 



Fij; 3. 'Octahedral' complex constructed from undis- 
tortcd glass-forming tetrahedra. Expansion of the central 
void by translation of each tetrahedron along the direc- 
tions indicated by arrows leads to trigonal fields at the 
void 

distortion of the structure which would 
augment the splitting can be expected. 

The glass forming tetrahedron in lime- 
phosphate glass has P — 0 and O — O bond 
lengths of I '57 A and 2-56 A respectively [ 10 ], 
A structure such as that shown in big. 3 
based on undistorted tetrahedra with these 
bond lengths can accommodate an ion with 
radius of only 0-53 A at the central void, 
while the ionic radius of Yb^' is about 
10 A, Of course, some differences in the 
dimensions of PO^ tetrahedra in the lanthanum 
metaphosphate glass are expected, and the 
O — 0 distance between two non-bridging 
oxygens on a tetrahedron may be somewhat 
greater than 2-56 A. Since covalent bonding 
effects strongly favor preservation of the 
PO 4 tetrahedron, though, changes in bond 
angle or bond length sufficient to permit 
octahedral coordination of the rare earth 
seem unlikely. 

In attempting to visualize the actual cluster 
of tetrahedra about the rare earth, it is 
helpful to consider possible distortions of the 
octahedral structure which would permit 


inclusion of the Yb’^ ion at the central 
void. A possible mode of distortion which 
preserves the D.., symmetry of the complex 
involves translation of the three undistorted 
tetrahedra by equal amounts along the three 
two-fold axes indicated by arrows in Fig. 3. 
To accommodate an ion of 10 A radius, 
translation of each tetrahedron by 0-6 A is 
required. In the expanded complex the 
nearest neighbor oxygens to the rare earth 
would be expected to provide the dominant 
contribution to the trigonal components of 
the crystal field which split the octahedral 
degeneracies. The non-bridging oxygens also 
give rise to non-centrosymmetric components 
of the crystal field in the distorted complex. 
Thus, in this model, the observed correlation 
between the splittings of the ! « manifolds 
and the intensities of the optical bands which 
has been discussed in the preceding section is 
expected. 

The striking similarity of the Yb'’^ spectra 
in all the glasses studied suggests that the 
rare earth is incorporated at similar sites 
in phosphate, silicate and germanate glasses. 
In the case of the silicate and germanate 
glasses, the creation of six non-bridging 
nearest neighbor oxygens to the rare earth 
requires the inclusion of electron-donor 
modifier ions in the network. Assuming an 
energetic preference for local charge com- 
pensation. the modifier ions could well be 
included in the complex. In an idealized 
model, one might envision three alkali metal 
ions intercollated in the spaces between the 
tetrahedra on the two-fold axes directly 
opposite the silicon or germanium ions. While 
the abundance of alkali in the glasses in- 
vestigated would certainly permit compensa- 
tion of each rare earth by three rpetal ions, 
a more thorough investigation of the effects 
of alkali type and concentration on the rare 
earth spectra is required to establish the role 
of the modifier ions in rare earth glasses. 
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APPENDIX 

lo estimate the magnetic dipole coniribtilion lo the 
oscillator strength of the Yb" absorption band. Ihe 
siiength of the free ion -FVu -» -FAj transition was 
c.iicnialed Irom lheeqiiaIion|6| 


Jmm 

M,r = 


Hir'-mni' 

'vi?~ 

I 

|2J,+ I) 


M„A 




Flere. |() and | /') are inilml and final stales between which 
Ihc transitions occur, and Ihc sums arc over all stales 
belonging to Ihe two ./-manifolds. Acinally. all matrix 
elements needed for Ihe Vb'* calciilalion have been 
determined in Kef |6|. and the lesulls leportcd theie 
need simply be modified by insertion of the index of 
lel'iaclion n of the glass Rcfi active indices foi the three 
glasses considered are listed in Table I of Ihe main lexi 
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Abstract- An EPR, ENDOR and optical .study of manganese in CaFj has been made. It was found 
that two different Mn“* centres were present, both having cubic symmetry without axial components. 
One of these is well known in the literature and its EPR spectrum is characterized by a very small 
cubic held splitting and a well resolved flussr hyperfine structure. 

The other centre shows no resolved superhypcrhne structure and a larger cubic held splitting. The 
spin hamiltonian parameters of both centres have been determined accurately at three temperatures, 
4-2, 77 and 295°K. This temperature dependence is discussed briefly. The ENDOR measurements 
have shown that the second centre is Mn-' at a Ca^' site with no fluorine hrst neighbours. 
Analysing the results of the RPR, ENDOR and optical measurements we have reached the conclu- 
sion that, most probably, centre II is Mn^' at a C'a" site and surrounded by six or eight oxygen ions. 


1. EPR RESULTS 

An EPR reinve.stigation ha.s been made of 
single crystals CaF.,.; Mn, It turned out that in 
addition to the well known[l,2,3J 
centre (which is probably Mn^^ substitution- 
ally for Ca^+) another centre was present in 
a few crystals which as far as we know, has 
not been found before. In the following we 
shall first describe the well known centre 
(centre I ) and then the new centre 1 1 . 

(«) Centre I 

The EPR spectrum of this centre can be 
described by the spin hamiltonian. 

=)e/iH-S-R/lS-I-gvi3vH-I 
+ V + V + ‘S^'-|.S(5+ 1) 

X (35^ + 35-1)1+2 /l/STj (l.l) 

j 

Here 5 = 5/2, 7 = 5/2, /j is the fluorine 
nuclear spin of the y'th neighbour, so /j = i; 
g and gv the spectroscopic splitting factors 
of respectively the electrons and the mangan- 
ese nucleus. A is the hyperfine coupling con- 
stant, A / is the superhyperfine (s.h.f.) coupling 
constant which describes the interaction of the 


manganese 3d electrons with the surrounding 
fluorine nuclei. 

The EPR transition frequencies for the 
transition m., — 1 are in first order given 
by 

he = g(iH+Ami + ^a^ m/-(m,-l)-* 

95 

+ superhyperfine splitting term. ( 1 .2) 

The spectrum consists of 6 groups of lines 
situated around g = 2’002 according to an 
isotropic hyperfine splitting of about lOOG. 
Each group contains a number of super- 
hyperfine lines (linewidth: about 3 G), see 
Fig. 1. The s.h.f splitting constant K in the 
case of a Mn-* ion with only one fluorine 
neighbour is given by 

K= [(/l,+ 2+„)-co,s-i7+ (/ls->4,,)- sin-i?]‘*'^ 

(1.3) 

which can be rewritten as 

7:'= [M,+/f„(3cos-i?-l)}= 

+ 9/lp*‘sin*‘!?cos*'j>]''*‘ 
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Pig. I KPR spectrum of cenlii I ((/.I'Vd// vs H) 7 = 295°K. /= 9-8 GHz. // incretises 
from left to right. H || 1 1 00) 


here A, and A„ are respectively the isotropic 
and anisotropic parts of the superhyperfine 
interaction, d is the angle between the 
magnetic field H and the line joining the 
manganese and fluorine ion. 

It should be noted here that it is preferable 
to use formula (4) instead of the following 
formula used by Baker et rd.l2]: 

A ~ (A ^ + 2A i,i cos-t9 + (,4 s A,,) sin'ti 
= /4,+/t„(3cos-iV-l) ( 1 . 5 ) 

because of the fact that . I < s.h.f. 

interaction energy. 

Actually, the manganese ion has 8 fluorine 
neighbours, so for an arbitrary direction of H 
a very complicated superhyperfine pattern 
results. 

For H in the 3 main directions (lOOJ, [110] 
and [III] however, the spectrum is quite 
simple and these 3 spectra are sufficient to 
determine \A,\, \A,.l and their relative signs. 

It turned out that .4, //4j, > 0. 

Another complication arises since the fine 
structure term in (1.2) causes each s.h.f. 
line to split into 5 components. This splitting 
is not resolved in most cases but gives ri.se to 
a confusion of the s.h.f. line pattern. It turned 
out that the s.h.f lines of the fourth group of 
the spectrum (corresponding to M, = i if we 
assume A to be negative) were least confused 


(see also Fig. 1). This can be explained by 
assuming a value for the fine structure split- 
ting parameter a of about O-.S G as in that case 
the second order hyperfine effect cancels the 
fine structure splitting of the 3/2 i and -i -+ 
-3/2 tran.sitions, so that the two lines coincide 
with the i —i transition. This conclusion 
was confirmed by the results of a spectrum 
simulation of the whole spectrum with the aid 
of a computer: the experimental data arc best 
fitted when 0 O fiG. 

The measurements were performed at X 
band at 4-2. 77 and 295'’K. The spin hamilton- 
ian parameters which were derived from the 
measurements are given in Table 1 in which 
the results of [2] and [3] are given for compari- 
son. 

{h) Centre II 

The EPR spectrum of the centre II differs 
considerably from the spectrum of centre I 
but it is certainly due to Mn-+: the spectrum 
consists basically of 6 groups of lines accord- 
ing to an isotropic hyperfine splitting (with 
/ = 3/2) of about 80 G; each group is resolved 
in 5 fine structure lines, so 5 = 5/2. Super- 
hyperfine structure is either not resolved or 
not present, so A„ A„<0-4G because the 
line width is again about 3 G. A typical result 
of the spectrum of centre II is shown in Fig. 2. 

The local environment of the Mn'^' ion ap- 
peared to be exactly cubic as can be seen from 
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the lad that rotation of the applied steady 
magnetic field in a ( 1 1 1 ) plane does not affect 
the position of the tine structure lines at all. 
The width of the ±5/2 — ► ±3/2 lines approxi- 
mately equals the line width of the J 
transition so that it can be concluded that no 
appreciable static strain was present in the 
investigated crystals, 

'I'he spin hamiltonians of centre II and 
centre I are identical and given by expres- 
sion (l.l). The measurements were again 
performed at X bund at .3 lemperatures; the 
resulling values for the spin hamiltonian 
parameters are given in Table 2. 

The value of a has been determined by look- 
ing at the angular dependence of the position 
of the fine structure lines; when H was 
rotated in a (110) plane the experimental 
results could be well explained by the theoreti- 
cal cubic field angular dependence 

in,, (rii,- 1 ) ' 

im,- 1 )=) 

X [I sin- 0 ( I ±3 cos-^)] (1.6) 

Where 0 is the angle between H and the [ 100) 
axis. 

The sign.s of A and a were determined from 
the relative intensities of the different fine 
structure lines at low temperatures. In order 
to achieve an accuracy of 0- 1 1 cm’’ in the 


-m.- 1 


I 35 
()“ 20 


determination of X and a, it was necessary to 
take into account the second and third order 
terms in the hyperfine coupling; the precise 
values for n were determined with H along 
the [100] direction where the second order 
fine structure term is zero. 

2 . ENDOR MEASUREMENTS 

As mentioned before, the EPR spectrum of 
centre II shows no resolved superhyperfine 
structure, the lines are inhomogeneously 
broadened due to the interaction of the IVln-+ 
ion with the surrounding fluorine nuclei, 
resulting in a linewidth of about 3 G. The 
number and relative positions of these nuclei 
can be detected with the use of ENDOR 
techniques; these experiments will now be 
described. 

The ENDOR measurements were per- 
formed upon crystals containing centre II at 
4-2°K using an X band EPR spectrometer. 
The ENDOR coil was placed at the centre of 
the cavity, which operates in the TEma mode. 
The samples were mounted in the centre of 
the coil and in such a way that the steady 
magnetic field could be rotated in a (110) 
plane. With the use of a wideband power 
amplifier the output of a Hewlett-Packard type 
8690 B sweep oscillator (with plug in unit 
8698 B) was boosted to about I W. The 
ENDOR power was amplitude modulated 
( 1 00 per cent modulation depth) at a frequency 
of about 200 c/s, the centre of the EPR 
absorption line being moderately saturated 
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Table 2. Spin H amiltonian parameters of centre 1 1 



a 

A in to -’em ' 

a in to 'cm ' 

A,. Apia 10 'cm ' 

29,S“K. 

2 002 + 0 001 

-74-5 +01 

4-6-2±01 

<0-4 

77“K 

2 002 ± 0 00l 

-75-5 

6-4 

<0-4 

4-2°K 

2 002 + 0 001 

-75-5 

6-4 

< 0-4 


to obtain maximum signal to noise ratio (about 
50 in best cases). The ENDOR linewidth 
was found to be about 40 kc/s. ENDOR 
transitions were observed in all five fine 
structure lines of each of the six hyperfine 
groups. This enables us to determine the signs 
of the superhyperfine parameter and 
unambiguously. 

The crystal structure of CaF^ is well 
known; each Ca^+ ion is surrounded by 8 
fluorine ions at the corners of a cube at a 
distance of \/3^(in units ia^,= 1-361 A), the 
24 second nearest neighbours are at distance 
vTi, the 24 third and 32 fourth neighbours 
at Vl9 and V27 respectively. Only half the 
available body centres are occupied by Ca-+ 
ions; the empty body centres however have 
perfectly the same arrangement of fluorine 
neighbours, only the surrounding Ca-* ions 
are in a different arrangement. Since we can 
observe only the interaction of the Mn-' ion 
with the fluorine nuclei we cannot decide 
whether the Mn^* ion is at a Ca^'^ site (sub- 
stitutionally replacing the Ca-"*) or at the 
alternative body centre. In the following 
derivation we will assume that Mn^^ is located 
at a Ca-^ site or alternative body centre. The 

spin Hamiltonian for the ath (a = 1,2 8) 

first neighbour, interacting with the spin 
moment of the Mn*^ ion is: 

A' + S' (2.1) 

It is assumed that the superhyperfine inter- 
action is axially symmetric about the bond 
axis, so we write 

where the z' axis is the bond axis (i.e. [Ill] 


direction). This is more conveniently written 
by 

A « = >4 « — J « 

/I j /Is rij, 

/lii“ = /lv“+2/,“ 

to give the sum of an isotropic and aniso- 
tropic term with the same form as the dipole- 
dipole interaction term. The eigen values of 
the spin Hamiltonian (2.1) can then be shown 
to be 

£my = +Afm, 

+ (3 cos-tr -\)A ;■«(,]- + 9 sin> 

X COS-0" A f - ni.s ’}' '. 

The ENDOR frequencies are then, to second 
order given by: 

Vf = - { /4;' + (3 cos- 0" — 1 )/!,"} m, 

-(- sin’ff" cos'-tt"/,,"- nif (2.2) 

where vn is the free fluorine nuclear frequency. 
A similar expression like (2.1) holds for more 
distant neighbours. 

Let us first consider the ENDOR lines to 
be expected from the 8 nearest neighbours. 
Therefore it is necessary to express the term 
3 COS-0" - 1 for each of the fluorines in the 
laboratory angle y, which is the angle between 
H and the [001] direction but H always lying 
in a (1 10) plane. This can be readily done, the 
result is ( Af = 3 cos'^0 - 1 ) : 

Ki — sin^ -f V2 sin 2y 
/(2 = sinV-V2sin2y (2.3) 
= cos^ — 1 . 
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So at an arbitrary angle y three lines can be 
expected. A rotational diagram [H in (110) 
plane) has been recorded but no lines could be 
found which fit the expression (2.3). This 
means that if the Mn^' ion is at a Ca-^ site 
or alternative body centre it has no fluorine 
first neighbours. 

It can easily be shown that the 24 next 
nearest fluorine neighbours give 7 ENDOR 
lines with appropriate angular dependences; 
these are given by Hall and Schumacher|5J. 
These lines were found and certainly identified 
by their angular dependences which directly 
proves that Mn-^ is at a Ca** site or alterna- 
tive body centre. However the lines were 
split up (the splitting varying w'ith the direction 
of the magnetic field, maximum value: about 
I50kc/s) which could be partly due to a 
misorientation of the crystal (the alignment 
could not be better than 1° in the present 
apparatus) but probably partly due to loail 
imperfections (see also the discussion). The 
parameters A, and A„ were determined but 
cannot be given very accurate because of the 
mentioned splitting of the lines; the results 
are given in Table 3. 

Tahle 3. 1'NPOR rc.sidi.s for ccntir U. The 
experimentul error is about 20kc/s; how- 
ever for the seeoriil shell the Hues are split 
(see text) and the values quoted here are 
menu indues 


■Shell No. 

W. 

(Mc/s) 

(Mc/s) 

(lass 

ilipole-ilipole eoiiplinj! 
(Mc/s) 

2 

-00.^ 

-K)-99 

+0 80 

} 

0 

+ 038 


4 

0 

+0-21 

+0 21 


The remaining lines in the ENDOR spec- 
trum could all be identified as belonging 
to third and fourth shell fluorine nuclei. The 
appropriate values of A„ are given in Table 3 
too and are seen to be very close to the 
classical dipole-dipole coupling term; As is 
practically zero. 


The conclusion that can be drawn from the 
ENDOR measurements is that the Mn^"^ is at 
a Ca^+ site or alternative body centre, no 
fluorine nearest neighbours being present; 
second, third and fourth neighbours are 
present, but especially the second nearest 
neighbours are probably somewhat distorted 
from their lattice positions. 

3. OPTICAL MEASUREMENTS 
Some optical measurements have been 
carried out in addition to the EPR experi- 
ments. Both centres showed a very weak 
fluorescence when excited with electrons. 
The weakness of the fluorescence can be 
explained by the fact that the CaF;. crystals 
contained 0 0 1 per cent Mn or less (see also 
later); moreover the optical transition which 
is re.sponsible for the fluorescence 
'•A,„) is highly forbidden. This is reflected in 
the fact that the decay time of the fluorescing 
^7 |„ level is quite large, see Table 4. 


Table 4. Opiieal behaviour of both 
centres 



Decay time 

Mean fluorescence 


(msec) 

wavelenglhin I0'"'m 

ten!re 1 

hO 

4800 

centre II 

25 

5500 


Because of the weak signals, the fluores- 
cence wavelength could not be measured 
accurately. The mean fluorescence wave- 
length of btHh centres is given in Table 4. 

From these values and the energy diagram 
as given by Tanabe and Sugano[4] it can be 
estimated that the cubic field parameter 1 lODql 
for centre II is roughly a factor of 2 larger than 
for centre I. 

4. DISCUSSION 

The CaFziMn single crystals were grown 
from the melt (in Argon atmosphere) using the 
Czochralsky method. All crystals were grown 
under identical conditions, so at this moment 
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we do not know under which precise condi- 
tions centre I or centre II is produced. Most 
crystals contained either centre I or centre II; 
only a few crystals contained both centres. 
Crystals in which centre 1 is present contain 
about 4 X 10'^at% Mn; for centre II this figure 
is about 6 x 10“^ at% Mn, as has been deter- 
mined by spectrochemical analysis and con- 
firmed by the strength of the EPR signals. 
Some chemical experiments have been per- 
formed to try to convert centre I in centre II 
and vice versa. These will be discussed later. 

Let us now consider the nature of centre 1 
and centre II. We shall assume that centre I 
is Mn'’+ substitutionally replacing Ca^+, with 
no other impurities in the vicinity. 

The results of the ENDOR measurements 
show that centre II is Mn''*+ on a Ca^^ site 
or alternative body centre with fluorine first 
neighbours missing. Then other impurity 
ions must be present as first neighbours. These 
impurity ions must have zero nuclear spin 
because otherwise we should find super- 
hyperfine structure in the EPR spectrum or 
in the ENDOR spectrum. We suppose these 
other impurity ions to be 0^". The impurity 
complex is then most likely (MnO,i)"‘” or 
(MnO«)"-. 

There are 2 important arguments for this 
assumption: 

(1) The optical measurements have shown 
that centre II has a |10D^| value which is 
twice as large as for centre I, which can be 
expected (in the point-charge approximation) 
because the oxygen ions are, of course, double 
charged. Moreover, it is known that the 
oxides form more covalent bondings than 
fluorides; this gives more mixing of odd states 
into the 3(/ wave functions of the manganese 
increasing the transition probability for the 

-» optical transition. The result is a 
shorter lifetime of the fluorescing state, as 
indeed has been found, see Table 4, 

(2) Since we assume that the Mn''^ first 
neighbours are O'*' ions and the second Ca'*^, 
it seems worthwhile to compare the spin 
hamiltonian parameters of centre II with the 


parameters for the case CaO : Mn as given by 
Low and Rubins [6]; 

M| = (80-7±0-l)xl0-'cm-’; 

|a| = (6 0±0-3) X 10'^ cm"' 

and for centre II; 

A = (-74-5 ±0-1) X 10"' cm-’; 

0= (+6-2±0-l) X 10'^ cm-'. 

The agreement is quite satisfactory, especially 
for the cubic field splitting parameter, giving 
an important support for the assumed nature 
of centre 11. 

Some of the available crystals were turpid, 
indicating a segregation of CaO. These crystals 
contained only centre 11 (but all the measure- 
ments in which the spin hamiltonian para- 
meters have been determined, were performed 
upon clear cryslals). This indicates that, at 
least in these crystals enough oxygen was 
present to form the assumed manganese- 
oxygen complex. 

We expect the complex to be (MnOe)"*" 
rather than (MnOH)'^" because of the well 
known fact that Mn'*' is more stable in a six- 
fold coordination. A point to notice is that the 
needed charge compensation must be far away 
because otherwise the EPR spectrum could 
not be perfectly cubic. The precise orientation 
of the (MnOfi)"’-. or eventually (MnOg)'^" 
in the CaFa host lattice cannot be determined, 
neither by EPR nor by ENDOR techniques 
because the O'" nuclear (natural abundance; 
99-9%3 per cent) has zero magnetic moment, 
as was mentioned before. 

Several other impurity complexes are 
known in the literature, for instance (EeFB)"' 
in CdTe as described by Kravitz and Piper 
[7], but as far as we know, there are no im- 
purity complexes in CaF^ reported until now. 
By impurity complexes we do not mean the 
presence of nearby charge compensation, as 
for instance RE'’+-0*" complexes in CaFj, 
in which RE'"^ is a triple charged rare earth 
ion and an 0*" ion present at a fluorine site 
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to provide charge compensation. An excellent 
treatment of these charge compensation prob- 
lems, especially RE'‘'-H’ is very recently 
given by Jones <'/n/.[8]. 

Two chemical experiments have been 
performed, one to try to convert centre I in II 
and one to convert II in I, In the first experi- 
ment a CaF;. crystal in which centre I is 
present was treated for 1 hr at IOflO°C in 
oxygen atmosphere. After the treatment, 
different zones could be seen: the middle of 
the crystal was still clear, more outside there 
was a grey zone, the outer part of the crystal 
being brown. The clear part showed the EPR 
spectrum of centre I just as before the treat- 
ment; the grey and brown part showed neither 
the spectrum of centre 1 nor that of centre 11, 
indicating that no Mn-^ was present any more. 
Indeed, the grey and brown colour is most 
probably produced by Mn'^ or Mn" sur- 
rounded by oxygen ions. So we conclude that 
oxygen had penetrated the crystal and oxidized 
the manganese to a higher degree of ionisa- 
tion; furthermore it must be concluded that it 
seems to be impossible to produce centre II 
in this way. 

The second experiment we tried was the 
following, A CaFj crystal containing centre II 
was heated for i hr in fluor atmosphere at 
800°(', It could be expected that at least a 
part of the oxygen ions would be replaced by 
fluor ions, producing centre I, However, the 
EPR spectrum was completely the same 
before and after the treatment. 

It seems worthwhile to pay some attention 
to the measured temperature dependence of 
the spin hamiltonian parameters of both 
centres. Let us first consider the hyperfine 
splitting. As can be seen from the values given 
in Table I and Table 2, the hyperfine splitting 
factor A of both centres decreases with in- 
creasing temperature in, at least qualitative, 
accordance with the theory given by Simanek 
el lOJ, The temperature dependence of 
centre I has been studied by Huang el n/.[1 1| 
in the temperature range 50-700°K; they find 


an excellent agreement with the theory of 
Simanek el cil. but there is a small difference 
in the absolute value of A with the values 
given in this work. 

The temperature dependence of the cubic 
field splitting parameter a of centre II (the a 
for centre 1 was too small to be measured 
accurately) shows the same tendency as in the 
former case, namely ii decreases with increas- 
ing temperature. This tendency is the same as 
for the cases M„0:Mn-'^ and ZnS:Mn^'^ 
reported by Walsh ei u/,[121. They pointed 
out that the main cause of this effect is the 
thermal expansion of the lattice. 

Finally the isotropic part of the superhyper- 
fine splitting (for centre I) shows a small but 
significant decrease with increasing tempera- 
ture. Thermal lattice expansion might give an 
important contribution to this effect because 
of decreasing direct overlap of the manganese 
and fluorine wave-functions, but there may be 
several other explanations. 

A<kniml<'Jt;<’mi‘itl\-Thi: author wishes to thank Mr. 
.1. W. de Jong tor growing the single crystals. Mr, J. H 
Haanslra and Mr. J. A de Poorter tor performing the 
optical measurements Dr J C. M Henning and Dr. J 
Dicleman for helpful advice. 
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APPLICATION OF GROUP THEORY TO THE LATTICE 
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Abstract- Ciroup theoretical techniques have been applied to an analysis of the lattice dynamics of 
MgjSn along directions of high symmetry and at certain points in the Brillouin zone. Matrix represen- 
tations have been constructed for the symmetry elements in the group of the wave vector. These 
representations have been used to: 

(1 ) determine the dassitication of the phonon modes for a given q. 

(2 ) construct projection operators to determine the form of the eigenvectors for the atomic motions 
and from these construct unitary transformation matrices 1) which will be used to 

(3| block diagonalize the dynamical matrix D. 

The results obtained here are generally applicable to other fluorite structure crystals as well as 
MgjSn. 

1. INTRODUCTION 

,A GROUP theoretical analysis of the lattice 
vibrations in crystalline solids is extremely 
useful in a detailed study of experimental data. 

It is especially useful in fitting force constant 
models to experimentally measured dispersion 
curves. In the preceding paper[l], hereafter 
called KWS I , the experimental analysis of the 
lattice vibrations in Mg^Sn is given. In this 
paper we shall classify the phonon modes 
according to their symmetry and block diagon- 
alize the dynamical matrix along directions of 
high symmetry. 

Two general methods for performing a 
group theoretical analysis of lattice vibrations 
in solids have recently been given [2. 3], In 
this paper we will follow the methods outlined 
by Chen [2], 

The basic problem is to solve the equations 
of motion of the lattice which in the harmonic 
approximation are: 

*Work done under the auspices of the United States 
Atomic Energy Commission. 

tSupportedinpart by the United Slates Army Research 
Office. Durham. 

fPresent address: Los Alamos Scientific Laboratory. 

Los Alamos, New Mexico 87544 


where -<l>„a(/ic. /'«') is the force in the a 
direction on the /cth atom in the llh cell due to 
a unit displacement of the /c'th atom in the / 'th 
cell in a direction fi: is the mass of the xth 
atom, and UJl) is a displacement of the xth 
atom in the /th cell in the direction «. These 
equations can be simplified by the assumption 


C„(')=~^exp/fq-{X(/) + X(ir)}- 


wf] 


( 2 ) 


where X{l) denotes the position of the /th unit 
cell and X(k) denotes the position of the icth 
atom in that cell. 

This assumption leads directly to the equation: 


where 


0 )W„(k) = 2 (q) Utlix') (-3) 




Xexp{-/q- [X(/|-X(/’)]} 
Xexp(-/q- [X(/ c)-X(k')]}. (4) 
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The requirement for a solution to equation (3) of different phonon modes at a given value of 
is that q the decomposition formula [4] 


det (q ) I = 0. (5 ) 

The ta’s are the normal mode vibrational fre- 
quencies of the lattice. These, along with the 
complex polarization vectors U„s are con- 
sidered to be a solution to the problem. The 
expressions for the elements of the dynamical 
matrix (q) can be simplified considerably if 
symmetry coordinates for the lattice structure 
are used -that is, the I) matrix can be brought 
into block diagonal form by a suitable similarity 
transformation. 

The reducible matrix representations for the 
symmetry elements in the group of the wave 
vector are given by Chen’s equation (2.2 1 ) as: 

(T.q) I, ,K' (6) 

where G is determined from the requirement !' 

(I 'q - q 4 G 

and the a„i,\ are clemenis of the .3 x .3 matrix 
representation of I he rotational part of the 
symmetry elements. In equation (6) R,. is the 
position vector of atom k' and R„ is a fractional 
translation which is zero for symmorphic 
groups. 

The procedure begins with the construction 
of reducible matrix representations for the 
symmetry elements in the group of the wave 
vector. To initially simplify the dynamical 
matrix we will use the fact that the reducible 
matrix representation of all elements in the 
group of the wave vector commute with D, 
i.e. D = S 'DS. This simplification is followed 
by the block diagonalization of D through 
U 'DU where U is constructed from the 
orthogonal basis vectors which are discussed 
below. 

To determine the number and multiplicity 

tWe found it necessary lo use this relalion rather than 
nq- q + G in order to obtain the correct symmetry re- 
duction at the point m. 


n A 

is employed. Here x(A) and are the 

characters (traces) of the reducible represen- 
tation matrices S(/f) and the ath irreducible 
representation (i.r.) of these elements. Each 
phonon mode will be labeled with the name of 
the corresponding i.r. The characters x'"'(z<) 
of the i.r. matrices are read directly from the 
character table for each element A of the tdh 
i.r. In this formula g is the order of the group 
and (« is the number of times the ath i.r. is 
contained in the reduction. In addition, the 
dimensionality of the ath i.r. gives the 
degeneracy of the phonon modes which trans- 
form according to the ath i.r. The projection 
operator technique is used to construct sym- 
metry coordinates which form orthogonal basis 
vectors for the different i.r.'s. The eigenvec- 
tors or orthogonal basis vectors obtained from 
the projection operators can be normalized 
and used to construct the unitary transforma- 
tion matrix G which will transform the dynami- 
cal matrix into block diagonal form. 

2. Mg, .Sn PHONON SYMME I RY 

The crystal structure of Mg^Sn consists of 
three interpenetrating face-centered cubic 
lattices, one lattice of tin with origin (0,0,0) 
and two of magnesium with origins («/4) x 
(1,1,1) and (.3(i/4) ( 1 . 1 , I ). Each tin atom 
occupies a center of inversion symmetry and 
is surrounded by eight magnesium ions. The 
lattice constant has the value a = 6-758 A [5]. 
This fluorite structure along with its Brillouin 
zone is shown in Fig. I. The notation used to 
label i.r.’s and symmetry points is due to 
Bouckaert, Smoluchowski and Wigner (BSW) 
[6]. The symmetry of the fluorite structure is 
described by the symmorphic space group 
0*^7]. 

We shall use the following format for all our 
matrix representations: 
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• Sn Atom 
O Mg Atom 


(a) 




Fig. I, (a) The crystal structure of magnesium stannide showing the conventional unit cell with side 
dimension a. The atoms' are arranged on three interpenetrating face centered cubic lattices with their 
origins at (000) for the Sn atoms (k = 1), and (a/4)( III) and (5a/4)( 1 1 1) for the Mg atoms (k = 2. 4). 
(b) Brillouin zone for MgjSn with points and lines of high symmetry which have been included in the 
discussion of this paper labeled in the notation of Bouckaert. Smoluchowski and Wigner. 
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where k = I labels the 
Sn atom at (0,0,0); 

« = 2 labels the Mg atom 
at(r//4)(l, 1,1); 

K = 4 labels the Mg atom 
at (3«/4)(l, 1,1); and 
a,/3 = .r,v,e. 

Since the fluorite structure is symmorphic 
the exponential factors in equation (6) simplify 
to = exp R,.]. Noting that Rj = 
-R, ^ R/ where R, is a lattice translation 
vector we find that fh = • The Sn atom is at 

the origin so rt, -- 1 for all symmetry opera- 
tions. Table I lists the factor it., for all sym- 
metry lines and points of interest except the 


Table I. The faelor rt._> = exp f— /G-Ri) which is used in 
eiiiiiilion (h) 


A+ 

IN u A 

i \ 

Z 

.s 

Y 

L 

w 

Q 


1 

1 1 

1 

1 

1 

1 

1 

1 

/(. 





--I 




/i, 



1 


-1 


-1 


le 

1 




1 




h., 


1 




1 



In, 

* 




1 

~l 




' 1 




1 




tu: 

1 




1 






1 



-1 




'hi 






—I 



tllH 




-1 





/l,, 






■1 

-1 

1 

th, 

t 






i 


k.. 

( 




-1 

—1 



K 

‘ 1 


- 1 

-1 

1 


-1 


h... 

’ 1 




I 





* 

1 

1 


- 1 


I 


//.„ 

Ir 





—1 



Ih, 









I’r. 

1 

1 1 



1 

1 



IN 





-1 




III 





-1 





1 




1 




/'i. 


I 


1 


1 



In. 


1 




1 



K. 







/ 


K, 










t1 o ciirrelalc these symbols with the notation used by other authors see 
reference 19| 

:fln the column labeled I NT * means that the two Mg .sublattices are 
interchanged by that symmetry operation. 


(‘ah) 

M2\ 




dh) 


(ii!) 

(ii) 

/42 ) 




point r where we have the trivial result that 
<>K - I for all symmetry operations. In Table I 
the rotational symmetry elements of O/, are 
labeled in the notation of Kovalev [8]. Other 
notations can be correlated to that of Kovalev 
by referring to Tables 3 and 4 of Warren[9]. 

T able 1 also indicates whether or not each 
symmetry operation interchanges the two Mg 
sublattices. If the Mg sublattices are inter- 
changed the S matrix resulting from equation 
(6) has the form: 


S(/f.q) = 


0 


0 

0 6i2*A| 

ftaA 0 \ 

where A refers to the 3x3 rotation matrix 
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representing the symmetry operation A. For 
the cubic point groups these rotation matrices 
can be taken to be the 7|„(1'|5) irreducible 
representation matrices. These are also listed 
in Tables 3 and 4 of Warren [9], (Note that for 
h'u in Warren's Table 3, (7'i„),n should be -I 
instead of I.) For the symmetry operations 
which do not interchange Mg sublattices the S 
matrices have the form: 


S(/I,q) 


A 0 0 

0 fljA 0 

0 0 


Before considering the different wave vector 
groups some general conditions can be given 
for the dynamical matrix. The reality of the 
eigenvalues imposes the requirement that 
D be Hermitian; Djjj' = *• If the point 

group of the crystal contains the inversion 
operation, which ()/, does, further simpli- 
ficationst are Dii = 7)^*, and 

DXi* - D'aa- By combining the last relation 
with the Flermitian property we obtain 
^hall call these requirements 
general conditions on D. We now carry out the 
procedure in detail for wave vectors q along 
the lines (Zrr/a) [00^], (Zrr/a) [CCO], (IttM X 
(2?r/<;) and at the points 
(277/«)[liO] and (2iT/u)(Mil. 

1. Along the line A: q = (2nla) [00^]. The 
point group of the wave vector is C ,i • 

We now impose the requirement that 
S 'DS = D for all symmetry operations in the 
group of the wave vector. This plus the general 
requirements result in the following form for 
D; 


dn 

0 0 

dn 

dr. 

0 

dn 

-dr, 

0 

0 

dn 0 

d,s 

dn 

0 

-dr. 

</|4 

0 

0 

0 

0 

0 

d'iK 

0 

0 

d:m 

du 

-d,s 0 

dn 

0 

0 

dn 

dn 

0 

diii 

du 0 

0 

dn 

0 

dn 

(In 

0 

0 

0 dju 

0 

0 

disn 

0 

0 

dm 

dn 

dr, 0 

dn 

-dn 

0 

dn 

0 

0 

d.s 

dn 0 - 

-dn 

dn 

0 

0 

dn 

0 

0 

0 d^ 

0 

0 

dm 

0 

0 

dm 


tReference [3], equations (3.25) to (3.3 1). 


The decomposition is found from equation 
(8) to be 2A, + A2' + 3A,v Thus when we trans- 
form to symmetry coordinates which reduce 
D to block diagonal form, the submatrices will 
be a 2 X 2 A,, a I X I A^., and two degenerate 
3x3 As’s. The projection operators are 
obtained from equation (2.26) of Chen’s 
paper[2] which in our case is written: 


Cfq) =;2V,r{q,/l)S(q,/l) (9) 

o A 


where x'T is the ij element of the «th i.r. The 
character tables and i.r.’s for all symmetry 
lines and points of the Ov’ space groups are 
given by Slater [7], These operators project 
from an arbitrary vector that part which 
transforms according to the corresponding i.r. 

After application of each projection operator 
the resultant vectors can be decomposed into 
the proper number of basis vectors by inspec- 
tion. The basis vectors should be normalized 
since we wish to use them to construct a 
unitary transformation matrix U. Thus. U"' = 
Ut = 0*. For the A direction the unitary 
transformation matrix is: 


U = 


00 0100000 
0 0 0 0 0 0 10 0 
10 0000000 


0 0 00-^0 0-^0 
V2 V2 


0 0 


I 


0 0 0 -^0 0 

V2 V2 


Vi V 2 


000000 


00 00^00-^0 

V2 


0 0 


V2 
0 0 0 


-7- 0 0 4" 

V2 V 2 


o4--4oO 00 0 0 

V2 V2 

Ai A 2 ' As As 
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The operation U''DIJ gives the result: 


D = 


0 

0 

0 

0 

0 

0 

0 


V2d,, 

dm, dim 
0 
0 
0 
0 
0 
(I 
0 


0 

0 

dm, dmi 
0 
0 
0 
0 
0 
0 


0 0 0 

0 0 0 

0 0 0 

t/ii V 2 Jm V 2 rf,, 

y^ldfi </ 4 i T t/47 ~ 

-V2d,, d,, d„-d.„ 

0 0 0 

0 0 0 

0 0 0 


0 0 0 ] 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

0 0 0 

t/ii \/2d,4 'Jl.du, 

Vldu d.m + d„ -d,tt 

— ’s/ldj;-, df,) d^^ — d^i 


A, A... A:. A, 

2. Along the line i: q = (2rr/(/)[^{0]. The point group of the wave vector is Cji- Our pro- 
cedure is identical to that used previously along A. Imposing the requirements S''DS = D, 
together with the general rules gives: 


dn 

d,4 

0 

dr 

dr 

du, 

dr 

dr 

~ ^f|ii 


du 

0 

dr 

dr 

du. 

dr 

dr 

~ d\i. 

0 

n 

d-m 

d.u 

d.r 

^A*i 

~dr 

-dr 

du 

dn 

dr, 

-d:u 

dr 

dr 

d.. 

dr 

dr 

d,i) 

d,. 

dn 

-d.u 

dr 

du 

(A.; 

d^H 

dr 

dr 

d 14 

diti 


^ Mt 

~~ d 

dufi 

d.\\i 

dr 

dm.i 

d,> 

dr 


d^. 

d \n 

~ d IH 

du 

dr 

d IK 


dr 

<iu 

d iH 

da 

~ d IH 

dr 

du 

~ d III 

du. 

dr 

^Ati 

-diit 

^Aii 

dnn 

dr 

dr 

dmi 


The decomposition of the representation Sj, is .liii-l-I.., + 32:i + 22;4. The unitary trans- 
formation matrix is- 


J.- 

V2 


0 0 0 0 0 0 


\/2 


\‘'2 

0 
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u = 


0 
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0 


0 0 
0 0 


0 

V2 

0 
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zl 

I 
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1 

2 
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0 

I 

0 
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0 

[ 

2 

1 

2 

0 
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0 
0 
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2 
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0 

0 

0 

0 
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V 2 

0 

0 
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Vi 
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3. Along the line A: q= {2ir/fl) [(?{]■ The point group of the wave vector is C 3 ,,. The 
decomposition of the S matrices is 3A| + 3 A 3 . The relation S''DS = D and the general require- 
ments give: 


dn 

dvi 

d\n 

du 

^15 

d,. 

dr^ 

ii* 

«!5 

dr. 

dn 

du 

dr. 

dr. 

d,4 

d,. 

dr. 

dr, 

dr. 

df< 

dr. 

du 

dr 

d,. 

du 

dr. 

dr. 

drA 

r/i* 

dr. 

dr. 

du 

du 

du 

du 

dA» 

^•IH 

dt:, 

dr^ 

dr. 

d,. 

d,., 

du 

dAH 

d,. 

^4N 

rl* 

“ 15 

dr. 

dr, 

d,. 

dr. 

du 

dAH 

dAH 

^47 

dn 

dr. 

du 

dh 

du 

dtn 

d,A 

dA. 

dA. 

d.:. 

du 

dr. 

df. 

dr. 

dtn 

dA. 

f/ii 

d,. 

dr. 

dr. 

du 

dl 

dt. 

dr. 

du 

du 

dAA 


I hc unilary transformation matrix is: 


V'3 

0 

0 

V6 

0 

0 

0 

0 

0 

1 

V'3 

0 

0 

zL 

Vb 

0 

0 

1 

Vf 

0 

0 

1 

v'3 

0 

0 

-1 

0 

0 

Vi 

0 

0 

0 

1 

^3 

0 

0 

2 

V(a 

0 

0 

0 

0 

0 

1 

v:3 

0 

0 

-1 

V^6 

0 

0 

1 

V2 

0 

0 

1 

V 3 

0 

0 

-1 

V6 

0 

0 

-1 

V2 

0 

0 

0 

1 

v'3 

0 

0 

2 

V6 

0 

0 

0 

() 

0 

J_ 

\/3 

0 

0 

-1 

\/6 

0 

0 

1 

\/2 

0 

0 

1 

\/3 

.0 

0 

-1 

V6 

0 

0 

-1 

V2 


A, 



Ai, 



^3 



The block diagonalized form of D is found to be: 
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t/ji T 2£/]2 

c/i 4 + 2 dii 

d^A + ldt, 


0 


0 

0 

0 

0 

0 

dt 4 + 2 d*. 

da T 2^/45 

4/47 + 2^/48 


0 


0 

0 

0 

0 

0 

diA T 2 r/i 5 

d% + ldt. 

d^A + 2^45 


0 


0 

0 

0 

0 

0 

0 

0 

0 

dn 

~ dn 

da 

-da. 4/, *4 

~dt. 

0 

0 

0 

0 

0 

0 

dtA 

-dt. 

4/44 

~ du 4/47 

~da 

0 

0 

0 

0 

0 

0 

du 

-d,. 

4/4*7 

dt» da 

~ <^45 

0 

0 

0 

0 

0 

0 


0 


0 

0 

dll ~dii 

diA ~di^ 

dU-dJ:, 

0 

0 

0 


0 


0 

0 

d^A-dt, 

da — ^45 

da ~dAn 

0 

0 

0 


0 


0 

0 

diA ~dii 

dij^da 

4/44 — 4/47^ 


A. A, A, 

4 . Along the line Z: q = (2i7-/«) [l^Oj. The point group of the wave vector is The 
decomposition of the S matrices gives 32 , + 22 ^ + 223 + 224. 

The unitary U matrix found from the projection operators is: 


0 

I 

0 

0 


u = 


0 


0 


0 

0 

0 


The operators S“'DS give: 


D 


dn 

0 

0 

0 

d.s 

0 

0 

0 


0 

d,, 

0 

dn 

0 

d,, 
’ 0 
^26 


0 0 

0 

0 

0 

1 

0 

1 0 

0 

0 

0 

0 

0 

0 0 

0 

0 

0 

0 

0 

0 ~ 
V2 

0 

1 

V2 

0 

0 

0 

0 0 

0 

0 

0 

0 

1 

V2 

0 0 

J_ 

Vi 

0 

J_ 

Vz 

0 

0 

0 — 
V2 

0 

zL 

Vz 

0 

0 

0 

0 0 

0 

0 

0 

0 

1 

Vz 

0 0 

-1 

0 

1 

Vz 

0 

0 

Z. 


Z2 


Z3 


0 

0 

4 /.S 

0 

0 

0 

4/24 

0 

4/20 

diA 


0 

4/35 

0 

0 

0 

4/44 

0 

dAS 

4/4, 

4/35 

0 

4/55 

0 

0 

0 

~dAi 

0 

dft 

4/49 

0 

4/47 

0 

~ 4/48 

da 

dsi 

0 

duf 

0 

0 

0 

"4/49 

0 

4/99 

dAS 


0 0 
0 0 
1 0 

0 0 


0 

0 


\/2 

0 


0 0 


0 

0 


V2 

0 


Z4 


dn 0 

0 -t/ze 

-d,, 0 

0 dta 

di» 0 

0 dgft 

0 ~die 
4 0 

0 < 4 # . 
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5 . At the point IV: ( 27 r/a)[li 0 ]. The point group of the wave vector is D,,. The sym- 

metry reduced dynamical matrix is: 

Ui 0 0 0 4, 0 0 d,s 0 

0 0 </24 0 — id^i c/j4 0 id!4 

0 0 d„ a 0 0 id,:, 0 

0 c/24 0 4/44 0 c/49 ^47 ^ 

D= c/,5 0 id,:, 0 t/55 0 0 0 0 

0 /c/24 0 ~ 4/49 0 c/44 ^ 41 , 0 — c/47 

0 c/24 0 d,j 0 ~ c/414 ^44 0 ~c/49 

d,, 0 -/c/,5 0 0 0 0 c/,5 0 

0 —/c/24 0 — c/4» 0 — c/47 c/|9 0 c/44 • 
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6. The point L; q = (27r/«)[Jii]- The point group of the wave vector is D^. The decom- 
position is T| + + ILi' + lL.e. The symmetry reduced dynamical matrix is; 


d,, 


(ij2 

d|4 

di5 

d.5 

id. 4 

id.5 

id.5 

<^I2 


^12 

d,5 

dn 

d.r. 

fd.s 

id. 4 

id.s 


d\2 

dn 

d.5 

d,5 

d,4 

id.5 

id.5 

id. 4 

/W,, 

idv. 

'd,5 

d,n 

d^s 

d45 

d47 

d4B 

dn 

'd,r> 

/t/|4 

fdir, 

d45 

dn 

d.5 

d,K 

d-ti 

d.s 



/dM 

d.. 

d4. 


d4H 

d^H 

d47 

dn 


d,, 

“ d,7 



d44 

d45 

dir. 

^,r, 


d,. 

-djH 

~d,7 

^4H 

d45 

dn 

d45 

d,, 


dn 

-d,H 

-d,,„ 

“ ^47 

d45 

d45 

d4i 


The normalized eigenvectors form the unitary transformation matrix; 



/.. I L;[ T [ / , 2 ' Ta' T.i' 


0 

0 

0 

0 

V? 

v'b 

0 

0 

0 

0 

0 

0 

4- 0 

\/3 

-1 

Vb 

0 

1 

Vz 

0 

(1 

0 

0 

<1- 

1 

o 

-1 

Vb 

0 

-1 

0 

1 

V6 

\/T2 

0 

0 --4- 

0 

2 

Viz 

0 

0 

1 

-1 

1 

„ I 

0 

-1 

0 


v/6 

vTz 

2 

0 -4 

Vb 

Viz 

t 

2 

-1 

2 

1 

Vb 

Viz 

- 1 
s 

0 

Vi! 

0 

Vb 

-2i 

Viz 

0 


0 

2/ 

Viz 

0 

0 

—I 

i 

VTi 

- / 
'l 


0 

~i 

vTz 

0 

1 

2 


i 

Vn 

1 

2 


0 

—1 

vTz 

0 

— i 
2 


The block diagonalized dynamical matrix is; 
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1. Further results of interest. At the sym- 
metry point r (q = [000]) the decomposition 
is Zl'in-f I'jr,'- Fach I' representation is three 
fold degenerate. One of the r,s'6 corresponds 
to the acoustic modes. The degeneracy of the 
other I',., is removed by the macroscopic E 
field which arises in non-polar crystals. Warren 
[9] gives a brief discussion along with perti- 
nent references on this matter. See also the 
recent reference by I .ucas 1 1 D). 

At the point A' |q = (27r/fA|OOI|) on the 
Brilluuin /’one boundary the decomposition is 
A', + .T.,,+A'.|-+A'r, + 2A',-. Along the line 5 
(q (27r/u) 1 1^5] ) the decomposition is 3.9, -f 
A.j I 3.S', I Along the line (2 (q ^ (2a-/n)- 
1 1 ^ J ) the decomposition is AQ^ A 5Q.,. 

The point U (q ^ (2-/n)|H!]) has the same 
syntmetiy as the line .V and the point K (q - 
l2;T/n)llj01) has the same symmetry as the 
line i We list the pertinent compalability 
lel.'itions at I ', .V. L and W: 

I'r, A| + A,-„ i| -t- 1;,+ i,|, \, f 
I,v- A.-f A,,A, tl, A 

A I A I , A I , /| . 

.V,. -> A,., i.,, Z, 

A',. -» A|, /( 

A’-, — > Afp, ij -)- i.'|. /,■} + Z;l 

2.1 ^ 

A, 

IT, IT,, -> A. W, -» Z,. Wr Z,. 

IT,,-^ Z,f 

At the point A'. S has the same comp;itability 
as along i. 

The compatability relations and phonon 
mode symmetry classifications are in agree- 
ment with those given by Dolling cl «/.[ll| 
and by Elliott and Thorpe[l2). Note that 
Dolling el al. use Ko.sler[l3] notation while 
Elliott and Thorpe use BSW as we have. 


3. SUMMARY AND CONCLUSIONS 
The lattice vibrational frequencies along the 
major symmetry directions of Mg^Sn have 
been analyzed by group theoretical methods. 
The symmetry coordinates have been obtained 
for the major symmetry points and the dynami- 
cal matrix is displayed in block diagonal form. 
In some cases the symmetry coordinates 
uniquely determine the phonon polarization. 
These results are used in the previous paper 
both in the experimental data taking procedure 
and in the force constant model fitting. The 
phonon mode symmetry classifications should 
also be useful in interpretation of experimental 
transport phenomena data| 14], 

Atiniwletlnenu’iil.y-Vhc sulhors winild like to thank 
Di. .1. 1 . Warren of the I .os Alamos .Seienlific l.ahoratory 
fill reviewing the manuscnpl and Dr R. M. Rrugger for 
his tonlimied support. 
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GALVANOMAGNETIC EFFECTS OF HOT ELECTRONS 
IN n-TYPE SILICONS 

H. HEINRICH 

Institut fur Angewandte Physik der Univcrsilat. A- 1090 Vienna, and l.udwig-Boltzmann 
Institut fiir Fesikorpcrphysik, Vienna, Austria 

and 

M, KRIECHBAUM 

Institut fiirTheoretisclie Physik der Univcrsilat, A-8010 Graz, Austria 

iReieivcd liAui’usI in revised form tiOefoher 1969) 

Abstract- Measurements were performed of the transverse magneto-resistance of «-Si in different 
crystallographic directions at 77°K and at field strengths up to 5 kV/cm. For y|| (III) a normal 
behaviour was found whereas fory||(I(K)) a negative magnetoresistance and for y|| (110) a 
strong positive magnetoresistance was observed. C alculations have been performed based on a 
Maxwellian distribution and taking into account a rcpopulation of carriers between different valleys 
depending on the electric and magnetic fields. From the energy balance the electron temperatures 
were determined. Numerical calculations were done with different coupling strengths for different 
electron-phonon scattering mechanisms. Results arc given for population number, mobility. Hall 
mobility, and magnctoconductivity for different sample orientations. Good agreement is obtained with 
experimental data. 


I. INTRODUCTION 

AS IS well known the conduction band of 
silicon consists of 6 equivalent minima ori- 
ented along the (100) axes in ^-space. With 
a strong electric field applied parallel to the 
1100] direction, the valleys are separated into 
2 cold and 4 hot ones. This difference in mean 
electron energy results in a transfer of elec- 
lions from the hot to the cold valleys. The 
'application of a transverse magnetic field 
decreases the mobility in each valley and there- 
fore causes a cooling of the electrons [1]. On 
the other hand the resulting Hall field causes 
a deviation of the electric field from the [100] 
direction so that the electrons of the valleys 
lOn the [100] axis will take up more energy 
from the field. One therefore can expect an 
equalization of the temperatures of both types 

“Parllj brexented at the spring meeting of the DPG, 
)euischf fhysikalische Gescllschaft, in Munich, March 
969. I 

tWork supported by “Fonds zur Forderung der wissen- 
chaftlichen Forschung". 


of valleys and as a consequence an equaliza- 
tion of the particle numbers in the different 
types of minima. In this way a drastic change 
in magnetoresistance behaviour may be ex- 
pected from this effect. When the current is 
parallel to the [110] direction and B is ori- 
ented along [001] three different types of 
vajeys are present, while with B parallel to 
] 1 10] only two types of energetically different 
valleys exist. Again one can expect that the 
magnetic field influences the electron numbers 
in the different valleys. Therefore it may be 
concluded that valuable information about 
the different scattering mechanisms present in 
n-type Si is obtainable from a study of hot 
electron magneto-resistance. 

In this paper we report measurements of 
the transverse magnetoresistance of n-type 
Si at 77°K in electric fields up to 5 kV/cm and 
in magnetic fields between 1 and 6-5 kG. With- 
in the range of 0-15-2kV/cm a negative 
magnetoresistance is observed for samples 
oriented along the { 100) crystallographic axis. 
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In contrast, <!'•) samples always show a 
positive magnetoresistance within the investi- 
gated range of fields. For current parallel to 
(110] direction the magnetoresistance goes 
through a maximum when the electric field 
is increased and B is aligned parallel to [001], 
A minimum is observed when B is parallel 
to [110]. 

Several authors treated the problem of hot 
electron magnetoresistance in semiconductors 
from a theoretical point of view (2- 1 3]. In 
some of these papers ellipsoidal energy 
surfaces and different scattering mechanisms 
were taken into account. But in none of these 
papers the influence of the magnetic field 
on the repopulation of carriers is considered. 
Review articles on galvanomagnetic phenom- 
ena were written by Beerll4| and Bross[I51. 
Since it was expected that the magneto- 
resistance in n-lype Si is a consequence of 
the particular hand structure and a result of 
the different scattering mechanisms present 
in this material, one can hope to obtain a fair 
agreement between experiment and theory 
only when these facts are taken into account. 
In order to prove whether or not the above 
outlined model is applicable for the inter- 
pretation of the experimental results, we 
extend the transport theory of Herring and 
Vogt (1 6] to the case of hot electrons. We 
assume a Maxwellian distribution and take 
into account scattering by acoustic and 
intervalley phonons as well as impurity 
scattering. The magnetic field dependence 
of the conductivity tensor is solved exactly 
and the electron temperature in each valley 
IS determined by the energy-balance equation. 

The main features of the experimental 
results are explained by this model and 
quantitative agreement is obtained in most 
cases. The negative magnetoresistance is 
found to have the correct magnitude and to 
be in the observed range of electric field 
strengths. Discrepances at intermediate 
electric field strengths may be due to the 
fact that a Maxwellian distribution was used 
in the calculation. Calculated results are also 


given for the ratio of carrier populations in 
cold and hot valleys for different magnetic 
fields as well as electron temperatures as a 
function of the electric field intensity. 

2. EXPERIMENTAL 

Samples have been prepared from n-type 
Si with 5 ft-cm room temperature resistivity. 
They were quadrangular in shape, having 
dimensions of about lOxlxlmm^ with 
their long axis being parallel either to the 
( 100). (Ill) or (110) crystallographic 
direction. Contacts were made by P-diffusion 
and Mi-plating of the end faces. 

The schematic arrangement of the measur- 
ing equipment is shown in Fig. 1. A pulsed 
d.c. electric field of 8 nsec duration has been 
applied to the sample with a repetition rate 
of 50 Hz by discharging a coaxial line through 

K> RELAIS TO HIGH ^/OLTAGE SOURCE 



Lij! 1. Schcmiilic arrangemenl of ihe measuring equip- 
ment. 

a mercury wetted relay. The voltage drop 
across the sample and across a small current 
measuring resistance has been observed on a 
sampling oscilloscope and an X-Y recorder 
connected to it. The sample, mounted in the 
magnetic field, was held at liquid nitrogen 
temperature. A minimum change of the 
sample current due to the application of the 
magnetic field of about 10“^ could be observed 
by making use of the d.c.-offset of the sampling 
oscilloscope. 
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3, experimental results in the limit of 
ZERO MAGNETIC HELD B 

The value of the magnetoresistance has 
been measured at 77°K for samples being 
parallel either to the <IOO) or (III) or 
(110) crystallographic direction, up to 
5 kV/cm for magnetic fields between 1 and 
6'5kG. When the magnetoresistance ARIRB^ 
for a fixed value of the electric field strength 
is plotted as a function of B, the experimental 
points are found to lie on a straight line, at 
least for small values of B. This is plotted in 
Fig. 2 for a (100) oriented sample, and three 
different electric field strengths. By extra- 
polating B toward zero we obtained a value 
of (ARlRB^)ii^a- This figure shows that the 
value of ARjRB^ decreases with increasing 
magnetic field strength in the near-ohmic 
range of lOV/cm. f or higher values of the 
electric field strength the magnetoresistance 
is negative and its behaviour is changed so 
that at 530V/cm the absolute value of 
ARIRB‘ increases with B. 



MAGNETIC FIELD (kG) 

Fig. 2, Magnetoresistance vs. magnetic field strength for 
111 100] and B||[0n] for three characteristic electric 
field strengths, The dots indicate measured values. The 
scale is different for positive and negative values of the 
magnetoresistance. 

F igure 3 shows the results of measurements 
for the magnetoresistance as a function of 
electric field strength for typical samples 
oriented along (100) and (111) crystallo- 
graphic directions, respectively. For the 

(111) sample the magneloresistance is 

positive within the investigated range of 

electric field strength. In contrast, the (100) 



Fig. 3. Extrapolated transverse magnetoresistance 
(experimental) vs electric field strength for two different 
orientations of j. The dots and the crosses indicate 
measured values. The dash-dolled curve i,s an average of 
experimentally determined values of the population of the 
valleys on the [100] axis in t;-space taken from Kasiner 
erol. 118 ). 

sample exhibits a region of strong negative 
magnetoresistance. For the highest measured 
field strengths the magnetoresistance becomes 
positive againfl7]. In Fig. 3 we have also 
plotted the ratio of electron concentrations 
in cold and hot valleys as obtained by Kastner 
et The region of negative magneto- 

resistance coincides roughly with the region 
in which electron transfer occurs. This 
indicates that repopulation of electrons 
plays a major role in interpreting this effect. 

When the current is parallel to either [100] 
or [1 1 1] direction a simple calculation shows 
that a rotation of B in the transverse plane 
does not influence the magnetoresistance 
in the ohmic case. Within the experimental 
error this turned out to hold also under hot 
electron conditions. However, when the 
current is parallel to the [110] direction, 
the ohmic as well as the high field magneto- 
resistance depends strongly on the particular 
direction of B in the transverse plane. Results 
for this orientation are given in Fig. 4. For B 
parallel to [001] direction the magneto- 
resistance is stronger and exhibits a maximum 
as a function of applied electric field strength. 
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ELECTRIC FIELDSTRENGTH (V/cm) 


1 11 ; 4 I xtiapiil.ilcd Iransvcr.sc mapiietorcsislancc 

icKponmtnlall vs. ulcLlnt field strength for jl||IIO| 
and two dilTerenI orientations of B 

while lor the ease of B parallel to |lT()| a 
ininimum is observed. 

In Kig. 5 results of measurements of 
(r(/--)/(r« are given which can be assumed to 
be equal to Also plotted are the ratios of 
for a sample oriented 
in (III) direction, il can be seen that the 
experimental points exhibit practically the 
same dependence on electric field strength 
as the ratio Ipt/zx,,)-. This indicates that the 
decrease of magnctorosistance with electric 
field strength is mainly due lo the decrease 



ELECTRIC FIELOSTRENOTH (VTcm| 


t-ig. -S Experimentally ohiained values of the ratio of the 
conduelivily lo the ohmie eondnetivity for j||[llll. the 
crosses indicate extrapolated experimental values of 
the transverse magnetoresisiance normaliited lo unity for 
jilll 1 1). Nolo the same behaviour with the square of the 
relative mobility (the mobility ratio was assumed to be 
equal to the conductivity ratio). 


in mobility for samples in (111) crystallo- 
graphic direction where no carrier transfer 
is present. 

4. ANALVTICAL CONSIDERATIONS 
When analyzing the dependence of the 
electric current on an externally applied 
electric field E and a magnetic field B. one 
has to solve a Boltzmann equation. Since it 
is impo.ssible to solve this equation exactly 
with all scattering mechanisms included one 
has lo make assumptions about the carrier 
distribution function depending on the number 
of carriers present. The samples used in the 
experiments had a donor concentration of 
about I X It)'’’ cm for this carrier con- 
centration and 77°K lattice temperature the 
electron-electron scattering is sufficiently 
frequent compared to lattice scattering lo 
maintain a Maxwellian distribution as a 
stationary state. This can be seen by making 
use of a criterion of f rbhiich and Paranjape 
[ 19| forthe carrier concentration. 


where e is the mean electron energy, m is 
the efiective electron mass, .v the sound 
velocity, k the dielectric constant, 
Boltzmann's constant, T lattice temperature, 
<’ electronic charge, and t the relaxation time 
of electrons due to phonon scattering. 
F.qualion ( I ) is fulfilled up to about 8(X)°K. 
electron temperature. A more exact criterion 
by Dykman and Tomchuk(20] yields about 
the .same results. 

In the following it is therefore assumed that 
the symmetric part of the distribution function 
for electrons in each valley i is Maxwellian 
with a temperature T,!''. Then for each valley 
the transport theory derived by Herring and 
Vogt 11 6) for ohmic case and many-valley 
semiconductors with ellipsoidal energy 
surfaces is applicable. In this theory the 
Boltzmann equation is solved to first, order in 
E and exact in B by neglecting the influence 
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of electron-electron scattering on the mobility. 
According to this theory the contribution to 
the total current dj'", of electrons of the /th 
valley within an energy shell de around « 
is given by 

dy„'" 2-re^£';'’d«"‘ 

T„ 3«)„ ' 


by acoustic, intervalley and ionized impurity 
scattering. The acoustic relaxation times 
are given by HV with the assumption of 
phonon equipartition and deformation 
potential scattering as (the numbers are 
slightly changed compared to HV, because 
we used different masses which were taken 
from Rauch et a/.[2IJ): 


where 

— g 

~~ L T (-^) 

with m„ the elements of the mass tensor, t„ 
the elements of the relaxation time tensor. 
The subscript « runs from 1 to 3 . is the 
third rank antisymmetric tensor, dn''* is the 
number of electrons in the energy shell dt. 
Hquation (2) defines a system of linear 
equations from which one can derive dj"’. 
By integrating over the energy one gets the 
current j‘" from the ith valley proportional 
to E and one can define a mobility tensor 
TV”). The solution of the linear 
equations and the integration has to be done 
numerically. The electron temperature in 
each valley is derived by the method of energy 
balance, 





lattice 


(4) 


where the brackets mean a Maxwellian 
average. The left hand side of equation (4) is 
the energy gain of an electron from the electric 
field and the right hand side is the energy loss 
due to scattering by lattice vibrations. The 
total conductivity tensor is then 


' 1- 

11 


(6a) 

V 

"I// Su / 



|^)' + 2-.30^-M-74) 

(fib) 


and 

^ " 2-''V'c,rr ’ 

0 is an average elastic constant for longi- 
tudinal phonons. and are the defor- 
mation potential constants for dilatation and 
uniaxial shear. Equations (6) are derived 
taking into account the elastic anisotropy of 
the crystal. 

The intervalley scattering was considered 
by Longl22] and Asche et «/. [23-25]. These 
authors take into account separately the 
different phonon groups which take part in 
g-scattering (intervalley scattering between 
valleys with equal band edge direction in 
A-space) and /-scattering (different band edge 
direction). The intervalley relaxation time 
reads [22, 26], 



/'/"’) = e 2 n"V''(B.T, 

<=1 

(5) 

where g = 6 is the number of equivalent 
valleys. 

The relaxation times in n-Si with 77°K 
lattice temperature are mainly determined 


where s runs over different possible inier- 
valley transitions. tV, is the number of 
intervalley phonons present, their charac- 
teristic temperature, and is the 

coupling constant. 

For ionized impurity scattering the relaxa- 
tion times in a cubic crystal with ellipsoidal 
energy surfaces are given by [27] 
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(rin(4Z) '|]rii=('-90 

(8a) 

and 

[rin(4/)-')]r, =T57 

(8b) 

with 

4neVn,''- 





and 

ft-' 



This derivalion is based on the Born approxi- 
mation tor scattering by a screened Coulomb 
potential. The screening ladiiis is calculated 
by an extension of the method of Dingle(281 
to valleys with different temperatures and 
different occupation numbers. One gels for 
the screening radius 
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Xo 


(»> — 



Y 

Af. 



and K, is a Bessel function of the second kind 
with imaginary argument. 

The coupling constant D, in equation (12) 
is related to the coupling constant in equa- 
tion (7) by 


D.- 


Wirph^ 


(14) 


Optical phonon scattering is not important 
inn-Si (Conwell[29], p. 103). 

In order to calculate the particle numbers 
in the different valleys we start with an equili- 
brium condition 



c 



- \'2 


(9) 



(!.'?) 


The mean energy loss per electron to the 
lattice I'or acoustic phonon scattering is given 
by Conwell|291 


where 5)'^ means the sum over all valleys 
except the valley i. (dnldt),^, is the transfer 
rate of carriers from valley i to valley / It is 
given by 


/— -\! 

32/nM''/A„7V‘')''''= 



\d//i 


y T.!'>h 

(dn\ 



DO) 



(16) 


with 



3 rn, 



(ID 


and !> being the density of the crystal. For 
intervalley phonon scattering the energy 
loss is (29J 


/^\ f2y«DMnV/ 

\d// j, ~ [it I rrfrip 

X (12) 

with 


U{Xf„x,) 


exp (a:,i-.r,.)- I x,. 
exp (.r„) - I 2 


X exp 



where the brackets again mean Maxwellian 
averages and ti/' t!' the intervalley relaxation 
time for scattering from valley / to valley / 
One get.s 


^{ttJ 

n 


X (17) 

with 


T(X|,..r,.) = 


exp(x„-x,)-b I Xr 
cxp(Xo)-l 



(18) 


In equation (17) the sum runs over the dif- 
ferent types of intervalley processes which 
lead to a scattering from valley / to valley / 
With this one gets 


where 
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with 



(19) 





( 20 ) 


Valley / and j have different band edge 
directions. Intervalley j?-scattering does not 
enter here, because the two valleys on the 
same axis in /.-space have the same magneto- 
resistance behaviour. 

The coupling constants for the different 
scattering mechanisms are derived in the fol- 
lowing way. From measurements of the ohmic 
magnet oresi stance [30] one gets the ratio 
of the transverse to the parallel acoustic 
relaxation times Tac.Jrarji as 1-5. This to- 
gether with equation ( 6 ) gives a quadratic 
equation for One solution is H,; = 0. 

If one takesl31,32] Eu = 8 - 6 eV one gets 
Ed = I0'8 eV which is in good agreement with 
measurements of the energy loss|33J. In 
order to study the influence of different values 
of s,i on the results, calculations have been 
performed with = 0 - 2 H„ which is also 
compatible with the results of Long and 
Myersf30|. However, with H,/ = 0 belter 
general agreement with the pre.sent experi- 
ments is obtained. 

The ratios of the coupling constants for 
the different intervalley scattering processes 
to an acoustic coupling constant are derived 
by Long[22] and Asche ef u/.[25] from the 
held dependence of the anisotropy of the con- 
ductivity and from the field dependence of 
the piezoresistivity. Several sets of values 
tor these constants are given by these authors. 
We made runs on the computer for different 
sets of parameters. The values of the para- 
meters are given in Table I. for two different 
runs, f he parameters of run 2 are the ones 
given by Asche el al,[25]. Note, however, 
that we compared the intervalley scattering 
to the transverse acoustic inste^ad to an iso- 
tropic acoustic relaxation time. This may be 
done because the mobility without magnetic 
field is determined mainly by t^. 


Table 1. Data used in the numerical calcula- 
tions. The elastic constants (c,, c, 2 , C 44 , 
c*) are taken from Ref. [ 1 6] 


OTz/mj = 0-90 p = 2'33gyeni’ ((=1IS 

»i,H = 0192 f, = 1-845 X 10'^ n = 6xl0'*cm’ 

dyn/cm* 

f,j = 0-801 X 10'^ (-„ = 0-650 X 10'* <* = -0-426 x 10'^ 

dyn/tm* 

=4=-0 =„=8-6eV /;„„=() 


Intervalley 

scatlcnng 

Li>w energy 

High energy 

parameters 


f 

X' f 

Characteristic 

temperature 

/„(“K) 

Interval ley 
phonun coup- 

190 

190 

720 680 

1-07X 10 ' It 

ling strength 

0, (erg/cm) 

2-82X |0-‘ 

0 

3 38 X |0-'02t 

B-,/l|-„ 

0-3 

0 

0-3 It 

3-0 0 00l*2t 


* I his is the only process which coninbutes to scatter- 
ing between valleys on different axes in t-space 
t| and 2 charucien/e the two different sets of para- 
meters used in the calculations, 


5. EXPERIMENTAL AND THEORETICAL 
RESULTS FOR B = 0 

In Figs. 6-12 the calculated results are 
given, obtained with the constants listed in 
Table 1 . U turned out that the coupling 
constants for intervalley phonons critically 
modifies the galvanomagnetic behaviour in 
the hot electron range. In Fig. 6 the ratio 
of mobility to ohmic mobility is given as a 
function of field strength for j parallel to 
[111] and [100] respectively. For compari- 
son, also some experimental |X)ints are in- 
dicated for these two current directions. 
For the [100] direction the agreement is 
satisfactory for set 1 of the parameters. 
The discrepancy for [111] direction (set I) 
at low field strengths stems probably from the 
fact that the doping of the samples is some- 
what higher than a.ssumed in the calculations. 
Therefore the contribution of the impurity 
scattering to the ohmic resistivity may not 
have been calculated correctly. 
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Fi(> h lhcoicl]i.ally c.ilaiKiled nnihililv latnis vs 
elecliic field slrenglh (oi iwo dilVetenl onenlalions of j 
I'hc vneiielcd numbeis jndieale tesiills oblained for the 
iwo diffeicnl sets of paratiieleis I spcrinicrilal values arc 
mdicaled h) dots lui j)|| UK)] and bv ciosscs lor j||| 111] 



Fig 7. Ratio of cleclion lempeitiuiic lo laiiice tempcia- 
Uirc and ratio of election lemperatiiies of Jifl'erenl 
valleys vs cleelrie field stiengili fui j|||l(l()| and H|||0I l| 
The numbers indicate the magnetic held strength m k(i 
I and 2 sec 1 ig b 

In Fig. 7 the electron tempeniturcs are 
plotted vs. the electric field strength for j in 
the [100] direction and B parallel to [Oil]. 
Two different groups of valleys are present. 
It is obvious that the magnetic field causes a 
small increase of the temperature of the cooler 
valley and therefore a decrease of the ratio 
of the temperatures of the two groups of 
valleys. Figure 8(a) shows the result of the 
calculation of the transverse magneto- 
conductivity as well as the repopulation of 
carriers for the same directions of j and B as 



Fig H(;\) rheiiielieiilly ciileuliitcd triinsveice mngneto- 
condueliMly and iclalive population of valleys vs 
eleclne field sliengih for j|||10<)l and B||[01lj. the 
numbeis indicale the magnetic field strength in kG. The 
ciicles and the crosses indicale experimental values for 
4 (circles) and 6 kG (crosses) respectively. The cal- 
culation was done with ihe set of constants No I , 



Fig. Xtb). .Same as I ig S(a|, bid for the second set of 
parameters. 

before. Experimental results of Aor/rrufl^ for 
4 and 6kG (circles and cros.ses respectively) 
are indicated. The most significant result is 
that the above outlined model is able to give a 
negative magnetoresistance of approximately 
correct magnitude within the experimentally 
determined range of electric field strengths. 
It is also noted that the model qualitatively 
gives the correct dependence of magneto- 
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Fig. 9. Theoretically calculated Hall mobilities vs. 
clectiic field ^tlenglh for j|l(IOO| and B||(flll|. The full 
and the da, shed curves correspond to 4 and 6 kO respec- 
tively 1 and 2 see Fig. fi 



l ig I (1(a) Theoretically calculated transverse magnetii- 
conduetivity vs, electric field strength for j||l()ll|- The 
upper iwo curves correspond to B|||I001, the lower two 
to Bl|(OI 1]. Numbers indicate field strength in kCi. The 
calculation was done with (he set of constants No I 
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Fig KKc) Experimental vidiies of transverse magneto- 
conductivity vs electric field strength for j|||0IIJ. The 
upper three curves correspond to B1|[1(X)|. the lower two 
toBlIIOII]. AAA I kG.(HK)4kG.+-(-+fikG. 



Fig. 1 1(a) Kelalivc populations vs. electric field strength 
orJIllOlI] and B|1(I001 for two different valleys The 
numbers indicate the magnetic field strength in kG. 
For B = 0 the population of the |001J valleys is the same 
as that for the |01()] valleys. The calculation was done 
with the set of constants No. I . 



Fig. l(Xb). Same as Fig. KXa), but for the second set of 
parameters. 


resistance on magnetic field. This is seen 
by comparison with the experimental points 
indicated in Fig. 8(a) and by comparison with 
Fig. 2. For low electric fields the magneto- 
resistance or the negative magnetocon- 
ductivity which are equal up to terms of first 
order in <t strongly decreases with increasing 
magnetic field. In the range of negative 
magnetoresistance both the experimental and 
theoretical values show only a weak depend- 
ence on magnetic field strength. Moreover, 
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I in I Kfil S.inic a> I'in I Ui. hut Ibi the second sol ol 
p.ir,imclois. 



Ely 12 t alciihuetl Hali mobilities vs elccliic field 
strennlh lor j|||llll| The niunbers indicale Ihc niagnclic 
field strength in kti l or B|||0)1) the hUi eurvc is very 
olose to the 1 kCi eurve 1 and 2 see I ig 6 

tor /,ero magneloresi.slance for low and high 
electric field strength both the theoretical 
and experimental magnetoresistances are 
independent of B. Abo included in Fig. 8(a) 
is the relative change in population of ihc 
valleys on the [100] axi.s in /(-space. The 
maximum of the population roughly coincides 
with the maximum negative magnetoresist- 
ance. An applied magnetic field reduces the 
population of the valleys on the [100] axis 
and therefore acts towards an equalization 


of the particle numbers of the different 
valleys. Figure 8(b) gives the results for the 
second set of values of parameters, with the 
higher coupling strength D (see Table I) for 
the high energy g-intervalley phonons. As 
is to be expected, the electrons lose much 
more energy in this process and therefore 
remain cooler, so that the maximum of the 
magneloconductivity is shifted towards higher 
electric field strength. Figure 9 shows the 
calculated Hall mobilities vs. electric field 
strength for 4 and 6kG magnetic field 
strength. In the ohmic case the Hall mobilities 
exhibit the normal behaviour, that is, the 6 kG 
curve is lower than the 4 kG curve. At about 
200V/cm this behaviour is changed and 
the Hall mobility for 6 kG is higher than 
for 4 kG. 

For the ca.se of j parallel to [Oil] and B 
pointing in the (()|T[ direction one has again 
two different sets of valley.s. However, for 
B aligned paralld to [100[ the Hall field 
points in the (0111 direction and there are 
therefore three different sets of valleys. 
The temperature of the valleys on the [100] 
axis is almost independent of B but the tem- 
perature of the valleys on the [010] axis is 
lowered and on the [OOi] axis is increased. 
In Figs. l()(a) and (b) the calculated magneto- 
conductivities for 4 and 6kG are given for 
the two different orientations of B. The ex- 
perimental values of the magnetoconduc- 
tivity are given in Fig. U)(c). it can be seen 
that a magnetoconductivity maximum for 
B parallel to [100) is also exhibited by the 
calculated value.s although at higher values 
of the magnetic field inleasily. In this ca.se, 
however, the agreement between theory and 
experiment is only qualitative. Both the ex- 
perimental and theoretical curves show a 
maximum of magnetoresistance at about 800 
V/cm, but the theoretically calculated effect 
is much too high. The ohmic magnetoconduc- 
tivity is again predicted correctly by the 
model, in Fig.s. 1 1 (a) and (b) the correspond- 
ing populations of two different valleys are 
shown for B parallel to [100] only. For B 
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parallel [Oil] the effect of the magnetic field 
on the population numbers is small. The mag- 
netic field enhances the population of the 
valleys on the fOlO] axis in i-space and re- 
duces the population of the other valleys 
as shown by Figs. 11. The great influence 
of the magnetic field on the relative popula- 
tion of the valleys is also expressed in the 
calculated Hall mobilities which are shown 
in Fig. 12. For B parallel [100] the Hall 
mobility is a maximum at electric field 
strengths near 300 V/cm. 

6. DISCUSSIONS 

We want to note that the proposed model is 
able to explain most of the experimentally 
observed features. Especially the peculiar 
and unexpected behaviour of magneto- 
resistance with current in [100] direction 
is analyzed. Obviously it is necessary to 
consider the dependence of the population 
of the valleys on the magnetic field. It re- 
mains to discuss the validity of some of the 
assumptions made in the calculations. 

As can be seen from Fig. 7, the electron 
temperature raises to about 800°K in the 
cooler valleys and to about 2000°K in 
the hotter valleys. For j parallel to [Oil] 
the magnitudes are about the same. A 
Maxwellian distribution should therefore be 
established in the cooler valleys according 
to equation (I). In the hotter valleys the tem- 
perature raises well above the character- 
istic temperatures of all high energy phonons, 
and again a Maxwellian distribution is 
present according to Reik and Risken[34]. 

We have neglected the energy exchange 
between electrons of different valleys due 
to intervalley scattering processes in the 
energy balance-equation equation (4). Sample 
calculations reveal that it is much smaller 
than the energy exchange with the lattice. 

The rale of energy loss to optical phonons 
and to the phonons involved in intervalley 
scattering is overestimated by £i Maxwellian 
distribution. This result is true when the 
electron temperature is Up to about twice a.s 


high as the characteristic temperature of 
these phonons, since the number of elec- 
trons in the high energy range is overestima- 
ted by the distribution. This probably causes 
a better agreement with experiment at least 
in the case j parallel to [100] for a lower 
coupling constant than that used by Asche 
et u/.[25]. Also we note that in the case where 
an electron temperature is comparable to the 
characteristic temperature of an intervalley 
phonon both the Frdhiich-Paranjape cri- 
terion (equation (11). and the assumption of 
a relaxation time for the intervalley scatter- 
ing are not valid. But in this case the corres- 
ponding intervalley relaxation times are 
greater than the acoustic relaxation times 
so that this effect should not have much 
influence. Another important point is the 
influence of the magnetic field on the distri- 
bution function and especially on Paranjape's 
criterion equation (1). To our knowledge 
no estimate of this influence has been given 
so far. But as the magnetic field has a small 
influence only on the electron temperatures 
we assume that the effect on criterion equation 
(I) is also small. 

At field strength up to 300 V/cm where all 
the effects mentioned above certainly are 
small it is clearly indicated that the ex- 
periments, especially the negative magneto- 
resistance, could only be explained by 
taking into account the effect of the mag- 
netic field and the resulting Hall field on the 
electron temperatures and as a consequence 
on the population rates of the different valleys. 
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Department of Physics and Materials Research l.atx)ratory. University of Illinois. Urbana. 

lll.6IH01,U S.A. 

[Retrwcdl'SJuh' revised Jorm (tOcloher 1969) 

Abstract - I he anomalous ultrasonic attenuation <> of longitudinal waves m MnFj w as measured near 
ihe Neel point. 7 as a function of temperature / and sound frequency / for different directions of the 
wave piopagation k. The result for 7 • /\ is expressed by the powei -law' formula. « /"t7- 7x| 

r)-() l.5±0 0l. «= I 8±0 I for k||[l 10); rj = 0 14 + 001, n= I 6±0 1 for kt|| 100], and p = 0 16 + 

0 01. II = 1-6 + 0' 1 for k|ll(X)l] . However, the magnitude of the attenuation coefficient varied appreci- 
ably for diffeient directions of the wave propagation, from which was deduced a relative value of the 
deiivative of the antifei lomagnctic exchange inicraclion between next-nearest neighbor spins. J,. as 

1 (d, /../(■):)/( (iVj/i'n ) I = 2-2 2 6 where.r and ; correspond to the [ 100] and |00l] directions 


1. IM RODUCTION 

Ut.rRASONic study has recently been recog- 
ni/.cd its a poweiful way to investigate the 
dynamical aspects of the critical phenomenon 
associated with the second-order phase 
transition. Many < ■ perimental studies have 
been reported of anomalous increase of 
atlenualion and decrease of the sound velocity 
near the magnetic transition point(l-81. 
Varioits theoretical treatments have also been 
given lor the behaviour of the sound attenua- 
tion due to the spin fluctuation near the transi- 
tion poinl|d-l7|. The Ihingof most importance 
in the problem should be to elucidate the 
physical meaning of the critical exponents, t) 
and and of the parameter n which appear in 
the powei law formulae for (he anomaly of the 
atteiHialion, a. and the velocity V as functions 
ot Ihe temperature T and the sound frequency 
J-, 

« f"\'r-■|\\-\■ ^v|v„ !r-T^|-‘. ti) 

Kadanoff'sl 17| most recent theory for the 
attenuation, in which the decay rate of one 
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sound wave into two. three or four other 
sound waves is treated with the scaling-law 
concept, predicted the values of the above 
quantities as t) = 1 . n = 2 0 for the isotropic 
antiferromagnet. and t) = 4/3. n = 2 0 for the 
anisotropic antiferromagnet. These values 
agree well with the results in rare-earth metals 
[5.6], but disagree with the observed values in 
a number of fluorides such as MnKi;(2. 3. 18], 
FeF.,1 19] and RbMnF:,[4] and .n CoO]?]. 

The other point of importance seems to be 
the dependence of the magnitude of the 
attenuation coefficient on the direction of the 
propagation vector of the sound. If we con- 
sider only longitudinal waves, the magnitude 
of the attenuation coeflicient would be found 
from the spatial derivatives of the exchange 
interactions and from the number of the 
exchange interactions between spins which 
are affected by the sound waves. Thus, if we 
ignore possible difference of the critical 
exponent or the time factor of the spin fluctua- 
tion for different propagation directitm of 
sound, we can obtain rather directly the rela- 
tive value of the derivatives of the exchange 
interactions from the measured ratio of the 
orientation-dependent attenuation coefficients. 
The relative value of the derivatives should 
be very important in the study of the dynamics 
of the spin system. 
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The present authorllS] has recently re- 
ported experimental results for the |100] 
longitudinal waves in IVInhj. where a detailed 
description was given lor the experimental 
procedure used to obtain reliable data for the 
critical exponent, tj, and lor the behavior of 
the attentuation as a function of both of tem- 
perature and sound frequency. In this paper, 
the results of the attenuation experiment in 
MnF^ for the other longitudinal waves will be 
presented. Finally, combining this with the pre- 
vious lesulls, a discussion will be given with a 
special emphasis on the process which would 
give a small 17 in MnFj, () l4±0fll for the 
[ lOOJ longitudinal waves for example, and the 
derivative of the exchange interaction. MnF, 
was studied because it is the most well under- 
stood antifcrromagnel. Figure I shows the 
location of Mn ions and exchange inleractions 
in Mnf\, Here .i. is the strongest, antiferro- 
magnetic interaction which predominantly 
determines the magnetic properties of this 
material. 

2. KXPKRIMENTAI. I'RtK'EDl RE AND RE.Sl!i;rS 
The present specimen was obtained from 
Semi Hlements, Inc. I he crystallographic 
orientations of surfaces to be used were de- 
termined by X-ray techniques to within ()-.S° 



t i(!. I Una cell of MnF; are the exchange inter- 

aclions belween nearest neighbor spins, next-nearest 
ncighboi spins, and .hd nearest neighbor spins respec- 
tively a = 4-87A.r = .1-.U A[20|. 

from the desired orientations. Then the same 
experimental procedure was employed as 
described in the previous paper| 1 8], 

Figure 2 shows the attenuation coefficient 
for three different longitudinal waves over a 
rather wide temperature range. The peak 
temperature was (67-31 ±0-02)°K. and did not 
shift for all directions of the sound propaga- 
tion. 

If we use here the usual power -law formula 
of the attenuation coefficient, value of the 
critical exponent. 77. can be deduced from the 
most linear part of the plots shown in Figs. 


•' a 





i --a- l , J 

'■'» 7\, 

TtMPFRflTURF (*K) 




I'lg 2. ( rilicnl allenualiim ol 30 Mllz longitudinal waves 
propagaling along |110). 1100) and |001) directions in 
MnF,. 
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3-6. Table 1 summarizes the values of for 
T > Tjv for three principal crystallographic 
directions. Figures 7 and 8 then show the 
frequency dependence of the attenuation for 
T> Tjv, which give n equal to 1-8±0 I for 
[110] and 1'6±01 for [001]. The value of n 
for [ 100 ] was 1-6 ±01 in the previous 
work[18]. 

A similar measurement was carried out for 


longitudinal waves propagating along an off- 
axis direction, which is also a direction for 
pure elastic modes. This direction is in the 
[110] plane, denoted as [/3] in equation (11), 
and is defined by an angle 4> front the c-axis as 
given by equation (13). The value of 17 for this 
direction was found to be 0 - 163. which is again 
essentially the same as those for the other 
three directions. 



10- ’ 10* 10-' I lO lO* 


t-vk) 

Fig .1 Temperadire dependence of the allenualion coeffi- 
cient of the (110) longitudinal tvaves for T > I\. -t-IO 
MH/., 0-20 MHi. •-50 MH?. x-7() 

MHz. 



Tn-TCKI 


Fig. 4 Temperature dependence of the aJtenuation coeffi- 
cient of the (I lOJ longitudinal wave.s for T < 1\. -r-IO 
MHz, n-20MHz. O- 3 OMH 7 , •-30MHz. x-70 
MHz. 


Table I 


Frequency 

(MHz) 

Mil 110) 

Mil 1001 

Mllool) 

MI131 

to 

0 17, 

01.3, 

0 14; 


20 

01, 3„ 


017, 


.30 

0 13,., 

013, 

O' 17, 

0 16, 

50 

0 14, 

013, 

0 14, 

70 

01,3j 

012, 

O' 14, 


90 

110 

.Average 

0- 15 ±0 01 

0■l-^, 

0 15. 

ni4±ooi 

0 I6±0 ()l 

015, 


Table 2 summarizes the values of the 
attenuation coefficient for 30 MHz at e = 10 \ 
and the ratio ofa Joainm- 
Neighbours and Moss [2] observed the same 
anisotropy in MnFj, giving that the ratio of the 
attenuation in the [ 001 ] direction compared to 
1 1 10] approximately from 2-5 to 3 6 depending 
on how we define the background level of the 
attenuation in Fig. 2 of Ref. [2]. Evansl3] also 
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I ly. 5 1 cniperaluic dependence the atlcnuiition coetfi- 
eient of the (ttOII lonpnKliniil waves lor 7 > +-I0 

MH/ ■ -KIMH/. x-7() 

MH/. 
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h 1 }: h I enipei alure dependence of the aUenualion coeffi- 
cient of the |00l| lonjaiudinal waves lor 7 I t 10 
MH/ '1-:0MH/ 1 lOMH/. •-,‘iOMH/, x-7() 
MH/ 


T able 2. ,4 ttcnuution coeffi- 
cierii oj 30 MH/ lon^iUu- 
dinal wares Ji<rT > Ts 


k 

O' ill € — 10 ' 

(tlB/cml 


Hill] 

0 7, 

1 

[1001 

to. 

1 3 

[001] 

2-0„ 

’6 

[|3] 

l-9„ 

21. 


meaMircd the attenuation peak of the [100] 
longitudinal waves in MuF^. However, he 
obtained a much larger peak, about 8 dB/cm at 
T■^ for 30 MHz. which seems to the present 
author to be in some doubt. 

3. DISCUSSION 

(1) Altenuulion coefficient vs. temperature 
and frequency 

From the above experimental result, it 
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E)j! 7, Frequency dependence of the attenuation coeffi- 
otThc 1 1 10| longitudinal waves for 7 > 7\, I hc tempera- 
tuic difTerenee, 7 - 7\ . is indicated in the figure. 



FREQUENCY (MHd 

Fig. X Frequency dependence of the attenuation coeffi- 
cient of the |001| longitudinal waves for T > The 
temperature difference, T - T\, is indicated in the figvire 


appears that the magnitudes of tj and n for 

1 > T'v. an anomalous behavior of the attenua- 
tion in the vicinity of the Neel point (T - T.v < 

2 X 10 for T > Tv) the frequency depen- 
dent Y) for 7 < Tf, and other features are 
definitely orientation-independent. A point 
to be mentioned here is the discrepancy be- 


tween the present 17 and the values given by 
Neighbours and Moss[2] in MnFj. They gave 
t) = 0'42 and 0-38 for the [001] and [110] 
longitudinal waves, respectively. The dis- 
crepancy might arise because Neighbours et al. 
did nut measure the variation of the attenua- 
tion coefficient up to a temperature far enough 
from Tv to determine the background level. 
Although the most important temperature 
range for determining the value of 17 would be 
approximately Tv ±2°K, we may get a value 
even twice as large as the present one if we 
would take the magnitude of the attenuation 
coefficient at several degrees K above Ty as 
the background level. 

(2) Orientation dependence of the attenuation 
coefficient 

As was shown in Fig. 2, the magnitude of 
the attenuation coefficient depends rather 
strongly on the direction of the sound propa- 
gation. This result should in the first place be 
compared with the theoretical treatment of 
Tani and Mori [9]. Let us consider here two 
leading terms of the exchange interaction. T, 
and J-i. where T| is the ferromagnetic interac- 
tion between spin of the Mn ion at (O.O.Ol 
and the one at (0,0,1), and is the anti- 
ferromagnetic interaction between spins at 
(0,0.0) and at (i.i.J) as shown in Fig. 1. 
In this approximation, the treatment by Tani 
and Mori predicts the following formulae: 


a,„«,T= [1+/l(T/M-exp(-\€''n/€'^]^ 
8(7r/6)''Md:x)'-[^(^+l)F-(uA)^ft 


( 2 ) 




' ®iii(ii 


0(I(HI1 


= 


if/. = /, (.3) 
8 , iral/'jl ’ ( 4 / 2 ^ ■)■ / 1^1 

T7, a„,o, 

IT J \ 

(4) 


•The notations, J, and Jj. used throughout this paper 
correspond to Ji and J, respectively in the theory of Tani 
and Mori. 
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if . y. 


r-(Zf) 

2tt 


,JiY {2j:,.+J\.]V.,\(Ur+J{^) 


aJ 


■ ■ “tllO) 


if ^2 ^ Ji' 


( 5 ) 


( 6 ) 


Here, J[, = (UjHx, VJ, - etc, at the 

equilihrium distance of the lattice: /I and A are 
constants havinj> values of 0-48 and 2-8 respec- 
tively in MnK: f ”• I f “7'\|/7’\; S is the spin 
quantum number; a and c are the lattice para- 
meters along the (lOO] and [001 1 axes respec- 
tively: k IS the magnitude of the wave vector 
of the sound; M is the mass of the unit cell; 
f is the sound velocity: k„ is the Holt/niann 
constant: / is the number of the nearest 
neighbor spins, and f = l-39[ 1 -h3/{5' + 

The magnitude of omdi and the value of the 
ratio, a(ioi)i/«M»im estimated from these formu- 
lae do not seem to be unreasonable in com- 
parison with the measured values in Mnl -.. 
However, the magnitudes of umKu and 
are not compatible with the observed results. 
l•'or example, the ratio. O(iooi/o'|i,<i|, it cal- 
culated to he I.Th or 420 depending on the 
case whether .l^ - J, or 7, <? J-, respectively, 
whereas the observed value of the ratio is only 
1'3. In this estimate, the values 7, = O-32'’K 
and J-i = — I ■76°K were used, as obtained from 
the neutron experiment on the spin waves 
121 ], 

The reason for the discrepancy between the 
theory and the observed result is considered 
as follows. Ultrasonic attenuation in the [I00| 
and the [001] directions is physically different 
from that in the [llOJ direction in the sense 
that all the eight next-nearest neighbor in- 
teractions, around a certain spin contribute 
in the same way to the attenuation in the 
former cases, whereas only four of these eight 
interactions contribute in the latter case. If 
only the interaction, J^, were important, the 
force acting on the spin system should be pro- 
portional to the spin Hamiltonian in the [100] 


and [001] cases, and the energy of the spin 
system should decay very slowly because of 
the kinematic slowing-down within the usual 
theoretical framework where the spin-lattice 
relaxation is ignored. This slowing-down is 
formally expressed as a very small value of 
gj in equation (4,1) in the theory of Tani and 
Mori; this in turn makes the value of the 
attenuation very large as is shown in equation 
(4.3) of their theory, where appears in the 
denominator. Generally speaking, the attenua- 
tion should he composed of anda,(, where 
Of. is the part due to the energy-energy correla- 
tion function and a,, is the part arising from 
the correlation between the random forces. 
Of; should in principle be treated separately 
from o;,;. and the decay time for an may be 
given by the spin-lattice relaxation time[22]. 
In the theory of Tani and Mori, this separation 
was not made, and therefore was very 
much overestimated for a||,„|| and okm,,!. The 
importance of would also be the reason of 
the small tj in MnFil 18], 

Present results satisfy the relation that 
«UHiii > «iiiwj > aiiioj. The inequality is 
thought to be a reflection of the physical 
situation that the magnitude of the attenuation 
coefficient can be proportional to the square 
of the coupling strength between the spin 
system and the sound waves multiplied by the 
number of the exchange interactions affected 
by the sound waves. I'hat is, 

i.m 

where k is the wave vector of the sound. 
R/m = is the distance between spins / 

and m, and 7„„ is the exchange interaction 
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between these spins. For example, a „ ,01 would 
be smallest partly because the spin at 
does not interact with spins at (1,0,0), (1,0,1), 
(0,1,0) and (0,1,1) for this longitudinal wave, 
thus reducing the number ofJ^ affected by the 
sound waves. It would be worth noting here 
that the above quantity is equivalent to the 
static correlation function of the random force 
thoroughly investigated by Tani and Mori. 

According to this simple interpretation, the 
attenuation coefficient for five directions in the 
tetragonal system for the pure longitudinal 


modes 1 22] can be written as 

“(1101 ~ O ) 

“(IIKI) ~ (8) 

“[(Kin ~ (^) 

a[,ri = sin^ ^ cos '* d J'it 

+ ^^COS^e-Ju\'‘iyM ( 10 ) 

aifl) = Ka'^l sin^(f)-J.ij.+^cos**(/)'72j 

•f^co,s2<f)'Jl,P/|/,^, (11) 


where A is a common proportional factor, and 
K[ , I is the sound velocity for each direction. 
1 he direction denoted as [77] is in ( 1(K)) plane 
with an angle 0 from c-axis given by 

cosfl-=/l''V(/f +C)'«. (12) 

and the [j3] -direction is in ( 1 10) plane with an 
angle (j) from c-axis given by 

cos(f) = (2/l-fl)’'V(2/^-B + C)’'^ (13) 

where A = Cn ■" 2c44 — Cn,, fl = c'n “ 2cgg — Cn 
and C = Cgg-lc^g — c,:,, elastic 

constants. From the values* of c'jj measured in 


*rhe measured results were. <'||=1'41. r„ = 0-51. 
< n = 0-22. (■„ = 1-72. (■„ = 0'.W, <■*, = 0-76 in unit of 10” 
dyn/cm“ at liquid nitrogen temperature. The error is less 

than 0-2 per cent. Details will be reported elsewhere 


the present specimens near These angles 
take values thatO = 50'6° and<^ = 45-0°. 

First of all, equations (7) and ( 8 ) verify the 
experimental fact that «!,«)) nearly equals to 
“( 1101 - The small difference may be due to 
higher order terms. Then, assuming that 
might be small, we can deduce the value of the 
ratio, l/yjJxl- these equations. The 
value is 2 - 2 ± 0-2 if we use the measured 
ratios of aiDou/oiiiHi and a(()oii/at(i(HH' Further- 
more. this value is in good agreement with the 
value, 2 - 6 . obtained from the ratio ofaifn/anoo). 
Thus, the above procedure, although crude, 
seems to give a good estimate of the relative 
values of the attenuation coefficients for 
various directions of the longitudinal wave 
propagation. It has been reported that 
i 2 x = -8 0 x 10 “ergcm 'II 6 , 24j. Further- 
more, the thermal expansion in MnF, mea- 
sured by Gibbons[25] indicates that JJj < 0. 
which lets us conclude that T 2 r = ~ 2 xl 0 "’ 
ergcm’'. 

A theoretical estimate of these derivatives 
from the wave functions should be much 
desirable. 

- The present author would like to 
thank Dr. R, J. Maurer. Dr A V. Granto and other 
members of The University of Illinois for their hospitality, 
which made this work possible 
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THE ELECTRICAL PROPERTIES AND DEFECT 
STRUCTURE OF PURE AND CHROMIUM-DOPED 

MnO 

M. O’KEEFFE and M. VALIGI* 

Chemistry Department, Arizona State University. Tempe. Ariz. 85281 , U.S A 

(He( I'lt’fd 25 June 1 969; in revised form 1 October 1 969) 

Abstract - X-ray, chemical analysis and electrical studies have been made as a function of temperature 
and oxygen activity on pure and chromium-doped MnO. MnO always contains an excess of oxygen, 
the majority defect being the doubly loni/ed cation vacancy at lower concentrations of excess of 
oxygen. Chromium is incorporated substitutionally as Cr" The heat and entropy of solution of I g 
atom oxygen at I atm into MnO are - 1 1 kcal and - 16 5 cal deg ' respectively It is concluded that 
MnO is either a 'hopping' type semiconductor with a band gap of 2’2 eV or that the band gap is even 
lower (about 1-85 c VI with 'band' conduction for electrons 


1. INTRODUCTION 

The revival of interest in the electrical 
properties of the simple transition metal 
oxidcsflj has stimulated a re-examination of 
their chemical properties and. in particular. 
I'tirther investigation of the nature of the native 
defects responsible for many of their interest- 
ing properties. MnO is unique among these 
oxides in that it is observed [2, 3] that there is 
a minimum in the conductivity as a function 
of oxygen activity which has led to specula- 
tion about a possible p-n transition in this 
material. Several models have been proposed 
to account for this behavior, but experimental 
difficulties have precluded unambiguous 
determination of the defect structure. In this 
paper we show how the existence of a con- 
ductivity minimum can be exploited in cry- 
stals doped with Cr 20 :; to obtain precise 
information about the non-stoichiometry. 
I he observation of the conductivity minimum 
and its behavior on doping also provides a 
unique and very sensitive method of deter- 
mining solubilities of dopants at temperature. 
Recognition of this fact has allowed us to 


‘Hreveni addre.ss: l.stitulo di t'himica Genciale. 
Unversita di Roma. Italy. 


explore in detail the mechanism of incorpora- 
tion of an aliervaleni ion into MnO. 

Relevant previous work includes Hall 
effect measurementsI4-6] which have 
established that at high temperatures (t«. 
1000°C) electron mobility is considerably 
greater than hole mobility, and chemical 
analysis!?] and gravimetric] 3. 8. 9] measure- 
ments which indicate that in the range of 
conditions conveniently accessible, there is 
always an excess of oxygen over the stoichio- 
metric composition MnO even at oxygen pres- 
sures below the conductivity minimum. At an 
oxygen pressure close to that of the con- 
ductivity minimum the Seebeck coefficient 
changes sign [8. 10. 1 Ij. 

Hed and Tannhauser[8]. in particular, 
discussed the electrical measurements and 
concluded that there is substantial evidence 
for the majority defect being the doubly 
ionized manganese vacancy*, f M„. except 
fKissibly at higher oxygen contents. By way 
of contrast, other authors have proposed that 
at the lower oxygen pressures, there may be 
substantial concentrations of anion vacancies 
[II] or of cation interstitials] 13]. However. 


‘Here, and ihroughoul. we use Kritger's notaln)nll21. 
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as we discuss below, it appears likely that the 
conductivity minimum arises because ot the 
high electron mobility and, in tact, the elec- 
tron concentration. is always less than the 
hole concentration, p. This is supported by 
the observation! I IJ (hat the conductivity as 
a Function of oxygen pressure makes a smooth 
transition from ir x to (t x 

2. rHEOKV 

We consider here the defect equilibria 
expected in an oxide such as MnO in equili- 
brium with oxygen, and possibly containing 
an impurity ion as dopant. The argument is 
lestricted to dilute solutions (not more than 
a few tenths of a percent) of defects so that 
their activities may be replaced to a good ap- 
proximation by their concentrations and the 
methods of Kidger|l2| may be applied to 
the various possible equilibria. 

,As mentioned above, and as also the results 
of this work will show, the predominant 
ionic defect close to stoichiometry in MnO is 
the doubly ioni/ed cation vacancy. Kin. pro- 
duced according to the leaction 

2Mii()tl()..^ :Mny,„ (I) 

At low conceiiti-ation. the defects may be 
expected to behave ideally so that 

where K„, is the equilibrium constant for 
reaction (I). p represents fMnc,„|. the con- 
centration of holes, and ti is the activity of 
oxygen in the gas phase. We will, as is usual, 
adopt a standard stale of gaseous oxygen at 
I atm so that (I - atm)' 

It is also expected that other defects such as 
electrons Mn^_^. and manganese interstitials or 
oxygen vacancies aie present in smaller 


‘Some authors replace u In </ = /'(( Ojl/Z’ICO) 
which is a convenient cvptiimcnlally ( learly 

a = qK where K is ihi, iqiiilihniini consianl for the 
reaction CO* -* CO -I- iO, 


quantities. If n is the electron concentration 
we have from the equilibrium 

2MnM„ Mn^^-FMnMn (3) 

np = K, (4) 

likewise, if V"' represents f';; orMny 

Now consider the incorporation of stable 
Irivaicnl ions such as Cr“ into MnO. We can 
write for the incorporation of Cr .203 a reaction 
analogous to equation ( 1 ) 

CrA^ 2CrM„+K;„ + 30„ (6) 

with an equilibrium constant analogous to 
equation ( 2 ) 

|Kl] 2 r^ = AVr«(Cr.A) (7) 

where ,v= [CimJ. 

The condition expressing electrical neutral- 
ity in the crystal is in general 

p + .r + 2 [r'] = ;t + 2 [rj. (H) 

In the absence of ionic conductivity, the 
electronic conductivity is 

(T - nep.- -F pep (9) 

In the subsequent discussion we will attach 
particular significance to the magnitude of 
various quantities at the conductivify mini- 
mum. Such quantities are denoted by sub- 
script m. As p will always be an increasing 
function of a and n will always be a decreasing 
function of a it is clear that at <t„, 

n„,ep^=p„ep^ ( 10 ) 

so that from equation (4) 

p^=(hK,)''^ (II) 

where b = p_lp, is assumed to depend on 
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temperature only. At o-„ we obtain from the 
electrical neutrality condition (8) using 
equations (2), (4) and (1 1), 

Am-y/"™ = + « (12) 

where 


(bKi)^'^. 

r/i-1 

2/<„, 1 

1 b 


^ = hKJ2K„, (14) 

y=ihK,yK,IKl. (15) 

As a„, increases, a plot of against x will 
approach a straight line of slope (i and inter- 
cept at jr = 0 of a. In fact, the experimental 
results to be described indicate rather clearly 
that y < aj (for example a plot of (i„ vs. x is 
accurately linear) showing that the concentra- 
tions of defects such as oxygen vacancies and 
manganese interstitials are quite negligible. 

From the values of a and thus obtained 
experimentally one has that 

I 

i hK,^{aVli'^)[hl(\-b)y (16) 

1 

i and 

i (17) 

I'he deviation from stoichiometry, fi in 
MnO, is given by 

6=[n.J-[r'] = (p-fx-n)/2. (18) 


The value of b entering in these expressions 
can be calculated if is known, using the 
expression (cf. equations (9) and (10)) 

o-m = 2p™fM+ (21) 

whence 

h = = 1 +4 (22) 

Using the reported values of ju._ it will be 
shown that b > 1 (see for example. Table 2 
below) so that the factor bl(b- 1) entering 
into many of the expressions above can be 
replaced by unity. This is equivalent to stating 
that p™ s> n„: this result will be used in what 
follows. 

We turn now to a discussion of the factors 
controlling the solubility of chromium. When 
n and [Y"] can be ignored, the condition for 
electrical neutrality . equation (8) becomes 

p-t-.r = 2[r;„] (8a) 

so that equation (2) can be written 

{p + x)p'^ = 2K„jii. [2}) 

When the manganous oxide is saturated 
with chromium (solubility .v„) MnCr 204 will 
appear as a second phase. We choose this as 
our standard state so that in MnCr^O,. 
H(Cr20.i)=l. Equation (7) becomes (using 
equation (8a)) 


I n particular, for pure MnO at the conductivity 
minimum, from equations (4). (10). (II) and 
(16). 

8,„ = «/2^. (19) 

Equation ( 1 9) is particularly useful since 
can be determined independently by chemical 
or gravimetric analysis of appropriately heated 
samples, thus providing a check on the theory 
outlined above. 

8„ is in turn related to p„ by the'expression 
28„ = p„ib-\)lb. (20) 


{p~bxJx,- = 2K,r. (24) 

Eliminating p from equations (2.^) and (24) 
gives the explicit dependence of chromium 
solubility on oxygen activity 

_ r 2K„ 

""" [(K„,alK,ry'^+l 

Two methods of determining x„ have been 
employed in this work. The first method relies 
on the fact that a„ will vary linearly with x 
while chromium is still dissolving in MnO 




M O KKKFHE and M. VALIGI 


9M) 

(equation (12)) whereas u,,, will be constant 
when the concentration ot added chromium 
exceeds a„. f he second method, suitable foi 
higher temperatures when electrical measure- 
ments become difficult, relies on the fact that 
the lattice parameter of doped MnO varies 
smoothly with r until saturation is reached, 
beyond which point the lattice parameter 
does not change with increasing chromium 
concentration. C leaiiy. if .r„ is known at a 
given value of a. and A'„^ determined from 
equation (17), A,, can be obtained Iroin 
equation (2.*'). 

A final point which we wish to take up in 
this section concerns possible deviations from 
ideality of the solution of defects. At concen- 
trations corresponding to site Iractions of 
less than 10 the defects are typically ten 
interatomic distances or some 2(1 A apart; 
under these circumstances one might reason- 
ably expect the solution of defects to behave 
ideally. At higher concentrations one might 
expect to observe the effects of significant 
concentrations of associates (l'|;,„ Mn^n), 
which may of course be written more simply 
as singly ioni/ted vacancies This associa- 
tion effect IS noticed in the conductivity 
measurements[.T8| at higher oxygen pres- 
sures when the conductivity changes from 
dependence on a one-sixth to a one -quarter 
power of oxygen pressure. However, the 
results to be analyzed in this paper do not 
require considerations of this nature. 

3. EXPERIMENTAL 

All the results to be described were ob- 
tained with samples which were prepared from 
accurately weighed mixtures of IVfn:,0, 

I United Mineral and Chemical Corp. Grade 1. 
total impurities less than 10 ppm) and from 
0-5 at% CrjO.,, (Matheson, Coleman and Bell, 
Reagent Grade). The powders were mixed as 
an acetone slurry by prolonged grinding in a 
mortar. The dry powder was pressed at ap- 
proximately 8 kbar into I cm dia. pellets which 
were then sintered for 5 hr at I430°C in an 
atmosphere of tank hydrogen. After sintering 


the samples were rapidly cooled by removing 
them from the furnace while maintaining the 
hydrogen atmosphere. Metallographic exam- 
ination showed that samples prepared in this 
way were dense and homogeneous with 
uniformly dispersed grains of spinel as a 
second phase in preparations containing 
higher chromium concentrations. 

Specimens for electrical measurements 
were obtained by grinding the pellets to 
provide a rectangular bar, typically 1x2x8 
mm, with two side arms. Platinum-platinum/ 
10% rhodium thermocouples were bound to 
the ends with platinum wire which was then 
coated with platinum paste. Platinum leads 
were similarly affixed to the two side arms. 
C'onductivity was measured at 400 Hz by the 
four-probe method. The thermoelectric power 
was determined by measuring the temperature 
at the two ends of the sample (typically 8-10° 
temperature difference) and the potential 
difference between the two platinum leads of 
the thermocouples. 

l attice parameter measurements were 
made using a Norelco back reflection camera 
with filtered Fc Ku radiation at 25°C. There 
are three lines in this region: (420) at about 
77°, (.3.31) at 72° and (400) at 60’5°. Only for 
the (420) reflection were well-resolved a-^ 
doublets visible in every case. .Several films 
were taken for each sample and each film was 
read several times. The lattice parameter a„ 
calculated for each line was extrapolated to 
t)~%° by plotting against <t) tan d)[14| where 
(1» 90°- f). The precision of the measurement 

ofu,, was±0 0004 A. 

Chemical analysis of the stoichiometric 
excess of oxygen in MnO^. was made by either 
the modified Bunsen-Rupp method|15] using 
apparatus similar to Deren et a/.[ 16], or by the 
oxalate method of Fowler and Bright [17], 
The two methods gave concordant results 
although the Bunsen-Rupp method gave 
higher precision and was preferred. 

In the course of the work two methods of 
quenching samples were compared. The first, 
which we call ‘slow quench' consisted of 
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withdrawing the sample to a room temperature 
part of the furnace under controlled atmos- 
phere. The second, Vapid quench' consisted 
of dropping the sample from the hot zone of 
the furnace through 50 cm into a saturated 
aqueous solution of sodium chloride at 0°C. 

Ftirnace gas atmospheres consisted of 
analyzed flowing stream of CO^ and CO or of 
hydrogen containing 0-05% 0.j analyzed as 
water. Some experiments employed nitrogen 
containing a very small, unknown quantity of 
oxygen. An attempt was made to make some 
electrical measurements in manganese vapor 
at about 10 -'atm; however, the platinum 
thermocouples and contacts rapidly deter- 
iorated at 100fl°C precluding any reliable 
measurements under these conditions. 
Oxygen activities in the CO.i-CO mixtures 
relative to a standard state of pure oxygen gas 
at 1 atm were ciilculated according to the 
expression [18] 

logu = log t/’(C(T)/P(CO)] +4-528 

- 1 4575/ T (26) 

4. RESULTS 

(u) l.aitice parameter measurements 

Measurements of lattice parameter were 


made on several series of MnO-Cr^Oa mix- 
tures sintered at different temperatures and in 
different atmospheres. Results are shown in 
Fig. I. As can be seen in the figure, the lattice 
parameter decreased linearly with increasing 
concentration until a saturated solution was 
obtained, at which point the lattice parameter 
is constant and MnCr^Oi appears as a second 
phase. The immediate important result is that 
the solubility of CrjO., in MnO can be seen to 
vary with temperature and with oxygen 
activity as might be expected. The observa- 
tion of a decrease in lattice parameter provides 
strong support for the hypothesis that chrom- 
ium is incorporated as Cr;;,„ (rather than say. 
interstitially). In fad, using the method of 
Cimino(19), the decrease in lattice parameter 
is calculated to be 24 x 10"^ A per atom 
percent Crctn the Goldschmidt radii for 
Cr»" (0-65 A) and for Mn^’ (0-91 A), This 
should be compared with the observed value 
of 18 X 10 ■' A per atom percent observed for 
the series of experiments performed at 1430°C 
in H.J (for which the concentration of Mn^n is 
expected to be negligibly small). 

We also obtained precise lattice parameters 
for pure MnO prepared in different ways. 
These are reported in Table 1. Again, the 



Eig. t 1 .attice parameter as a function of chromium concentration 
in MnO-CrjO'i solid liolulions • l4.tO°C' in Hj: O t4.'t0°C' in N,. 
i.WCmC0:('0,= I : !:□ i20(rr in C'OtCO, = I t. 
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Table 1 . Lattice parameter ao- at 25°Cfor MnO^s 


Preparation 


udA) 

I4.WX H, 

<1 X 10 ' 

4.444„ 

M4.m'N, 

5 5- 10 ' 

4.444„ 

■<l4tt)°('/'(0.)^ It) 'atm 

6X 10 " 

4.443, 

+ l.t(KIT/'(tO,)/Fl('0) - 1 

0'7x iir^ 

4.44.5„ 

•i:iX)TP(('().)//’(C())= 1 rapid quench 

2 2x 10 ‘ 

4 444„ 

ti:0() C/’(('Ojl//’(r O)= l slow quench 

OSx 10 ' 

4 . 444 ., 


' Frohahly oxidi/ed on cooling 
t Fi ohably reduced on cooling. 


decrease of lattice parameter with increasing 
h I in MnO|,s) strongly supports the hypo- 
thesis that an oxygen excess is accompanied 
by and Mni;,,,. It should be remarked 
however that the samples with an apparently 
Itirgc b are inhomogeneous and have some 
surface oxidation so that no ijiiaiititalire 
signiticanec atttiches to the variation of a„ 
with 

(/;) Electrical measurements 

I he main results of the electrical measure- 
ments are displayed graphically in Fig. 2 which 
shows how the conductivity of pure and doped 
MnO varies with oxygen-pressure in the region 
of the conductivity minimum and in Fig. 
which shows typical plots of thermoelectric 
power as a function of oxygen pressure. 

In Fig. 4 we have plotted the value of 
(r„,{T}liT,„ (1()()()°C') for samples of pure and 
doped MiiO vs. 1/7. The points all fall on a 
line of slope 7-(K)x KFdeg corresponding to 
an activation energy’ of l '39eV (in excellent 


agreement with the value of l-37eV given by 
Fled and Tannhaviser[8] for the same quantity). 

Figure 5 shows plotted against the 
chromium concentration x, for doped samples 
at three temperatures. It may he seen that w„, 
is accurately linear in x implying that the term 
yla„, la equation (12) is negligible. From the 
intercept at x = 0 (o) and the slope {^) of these 
lines we can calculate the constants bK, and 
K„j using equations (16) and (17) (assuming 
I). We can then calculate p„ (the hole 
concentration at the conductivity minimum) 
from equation (11) and the hole mobility ii+ 
from equation (21). Finally, the value of x at 
which the breaks in the curves occur gives the 
solubility x„ of chromium at a particular oxygen 
activity. 'I'his in turn allows one to calculate 
A',.r from equation (24) or (25). The results of 
these calculations are summarized in Table 2. 
Included in the table is the maximum solubility 
of chromium x„,n,„x Ibis is simply (c/. equation 
(25)) (2/vVr)"'’ and represents the limiting 
solubility of chromium as the oxygen pressure 


Table 2. Derived constants for pure MnO at three 
temperatures* 



KKXIT 

IIIH« 

i2no“c 

(aim ''d 

1 48 X in ’ 

MOx 10 ’ 

().84x 10- ’ 

— Pm 

1 28X10’ 

2 26 X 10 •> 

3-70 X 10*’ 

K„ 

lOx 10 " 

3-3 X 10 " 

IO-3xl()-« 

'^(1, mRX 

2-7X K)-' 

4 Ox 10 ' 

5-9x10 ' 

hKi 

1-62x10 « 

5l5x 10-» 

1 38x 10 -s 

<T„(ohm''cm ') 

0125 

0-36 

0-66 

/j-t temW^’s ') 

6-6 X 10 •> 

y-3 X 10 •> 

1-2x10-’ 

6(/i- ^ lOcmV 's ') 

1500 

1070 

820 


'The concentration unil is Ihe (dimensionless) site fraction To convert 
to cm“T concentrations should be multiplied by 4 95 x K)'' (at 1 100‘C). 
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I in t I hcirriicli'(.(in: povicr Q as a fiinclion of oxygen 
picssiiic ai ilm-e tcmpeiatiiies .‘i (or pure MnO; • fur 
MnO * 0 I7'';( lO, 



Fig 4. = (I000”( ) as a liinction of Icmpcra- 

ture for pure and Cr-doped MnO I he numbers on (he 
curves arc at.%Cr/Mn. Note the shid in zero lor each 
curve. 


goes to zero, Also mckidecl are the values ofh 
anti n, calculated from the conductivity using 
equations (21) and (22). 

Of some interest is the temperature de- 
pendence ol some of these quantities. In 
Fig. 6 we show/ a plot of the logarithm of 
K„s and K,.,. as a function of reciprocal tem- 
perature. From these plots we obtain, and 
discuss below, the activation energy for hole 
migration (0 5 1 eV. compare the value of 0-42 
eV ot Hed and I annhauser|8]) and the heats 
ot solution ot oxygen and of chromium oxide 
in MnO. 

((■)Cheimalanal\'\ix 

An important test of various methods of 
study of non-sloichiometric oxides lies in 
comparison of the concentrations of defects 
determined in various ways. In the case of 
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Eig. 5 The oxygen aclivily :tl minimum eonductivily. ii,„. as a 
function of chromium concentration in MnO-CrjO., solid solutions 
at three temperatures. The break in the curves occurs at the 
solubility point. 
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Fi>: 6 f’lot ol holt inohiluy ijl .. and Ihc conslanis 
lelatin}; Ui otyjitn (A,,,) and chromium (A,r) soliibilily 
as a function of Icnipeiatiire 

MnO a number of methods have been used to 
determine the extent of non-stoichiometry. 
The gravimetric method has been employed 
by Erorf.tJ and by Hed and ( annhauscr(8.91. 
This method involves extrapolation to the 
ideal stoichiometry and is hindered by pro- 
blems of evaporation of the sample. A second 
method is that used by Davies and Richardson 
[7] which involves chemical analysis of the 
quenched sample. This method is often criti- 
cized because of the difficulty in achieving a 
sufficiently rapid quench. Our results (in the 
table) comparing a ‘slow quench' with a 
‘rapid quench’ confirm this criticism as might 
be expected[2()]. 

Another method, recently exploited by 
Fender and Riley (2 1] is to use the technique 
of coulometric titration of a known amount of 


oxygen into a crystal, combined with electro- 
chemical determination of oxygen activity. 
This method is very accurate at the higher 
oxygen excess studied by Fender and Riley, 
but has the same difficulty of establishing a 
‘zero' as the gravimetric method. 

Finally, one can derive the constants con- 
trolling the formation of defects from electrical 
studies of doped crystals. The results of the 
different kinds of measurement are compared 
m Table T it may be seen that there is little 
agreement between them. It should be re- 
marked. however, that the electrical measure- 
ments have inherently much greater precision 
than other techniques for measuring defect 
concentrations. 

5. DISCUSSION 

{a) Soliihility of oxygen and chromium in MnO 

One of the most interesting features of this 
work IS that it has proved possible to determine 
both the chromium solubility and the equilib- 
rium constant for solution of oxygen solely 
from the variation of the oxygen pressure of 
the minimum conductivity with chromium 
concentration, i.e. from the data of Fig. 5. The 
essential information is contained in the values 
of K„jf and K,r (Table 2 and Fig. 6). From 
these constants and their temperature de- 
pendence one can derive various thermo- 
dynamic quantities as follows. 

Writing 

A„^ = exp{-A<7f//?T). 

it follows that 


Table 3. Comparison of carious techniques of determining the 
deviation from stoichiometry in MnO,t„ at I2(X)°C and P{COi)l 

P(CO) = ! 


Method 

Authors 

JC 

Comment 

Slow quench 

Davies. Richardson |7| 

<4x 10--' 

(«) 

stow quench 

(this work) 

1-6 X 10' 


Rapid quench 

(ihis work) 

4-4X 10-^ 


Gravimetric 

Hror[3] 

6-3 X 10 ' 

(h) 

Gravimetric 

Hed, Tannhauser[9] 

1 X 10-" 


Electrical 

(this work) 

F8X10-’ 



(a) Assuming wilh Davies and Richardson Ibal jr is a function ofP(Oi) only. 

(i>) ExtrapolatedfromFIOj) = 7x lO'">atniassuinmgx®P(Oi)‘A 
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-Rd\nK„M\IT) = m (27) 

d(/?7’lnA:„J/a7’ = AS? (28) 

lere A//°, AA° refer to the solution of I g 
jm of oxygen at 1 atm into Mn,_j.O at the 
ypothetical) standard state jr = I. In the low 
ncentration region there are non-interacting 
lubly-ionized vacancies with x « so 
e configurational entropy is -/?ln [x/(l- 


value for NiO (A//° = +60 kcal) as is indeed 
the case. 

It is interesting to compare the solution 
process from a slightly different point of view. 
If we change the standard state of oxygen to 
be the activity in equilibrium with MnO and 
MnjO^ the thermodynamic quantities will 
refer to solution of Mn 304 in MnO and can be 
calculated by summing 


(I) 2MnO+l/20.,->30o+l^;;„ + 2Mni,„ AS” 

(3) MnA-^ 3MnQ+l/203 ^H?, l^Sl 

(2) = (l) + (3) Mn-iO^ Mn0 + 30„+ F);,n + 2Mn,vin = A/yj + A//, etc. 


p = 3/? In f ( 1 - x) /x] and the partial molar 
lantities (relative to oxygen at 1 atm) are 

AS(l/20,) =AS” + 3«ln[(l-x)/x]. 

From the data of Fig. 6 and Table 2 we 
ivc from equations (27) and (28) for the 
iliilion of oxygen at 1 atm in Mn,-j.O 

/f ? = A/7( 1 / 202 ) = - 1 1 ± 2 kcal/g atom 
oxygen 

S° - - 16-5 ± I -5 cal deg Vg atom oxygen 

5(1/202) = 20-6 ± 1-5 cal deg" Vg atom 
oxygen at x = 0-002. 

It is worth inquiring whether these values of 
ntropy and enthalpy of solution are reason- 
ble. O'Keeffe and Moore[221 discussed the 
ntropy of solution of oxygen in some oxides 
icluding the closely related oxides NiO and 
oO, and recently Eror and Wagner(23] 
etermined the entropy of solution of oxygen 
1 CoO. From these results (A5° ~ - 10 cal 
eg"' in CoO and — 14 cal deg"' in NiO) it is 
lear that the value given above for MnO is 
easonable. Likewise, consideration [24] of a 
imple ionic model indicates that the enthalpy 
f solution should be intermediate between the 
ery exothermic value for FeO (A//”.=» -65 
cal) and the very endothermic value for FeO 
AW” --65 kcal) and the very endothermic 


Reaction ( 1) is the solution of oxygen already 
discussed, for reaction (3) at 1100°C. AW” = 
53-5 kcal and A5,° = 30-2 cal deg"', so that for 
the solution of Mn^O, in MnO: 

AW .2 = 43 kcal mole ' 

A 5.5 = 13-7 cal deg"' mole"’. 

Turning now to the solution of chromium in 
MnO, we chose as standard state the spinel 
MnCr 204 so that the heat and entropy of 
solution of this spinel in MnO may be obtained 
from K„. We find in this way 

AW”„ = 48±5kcalmole"’ 

A5°r - 2-5 ±3 cal deg"' mole"’. 

It is interesting, but not entirely unexpected, 
that the heats of solution of the two spinels 
Mn[Mn 2'"^]04 and Mn[Cr 2]04 are so similar. 
Equally interesting is speculation as to the 
origin of the greater entropy of solution of 
Mn 304 , however in view of the rather large 
uncertainty in these quantities a little unwise 
at this stage. 

(b) Defect equilibria 

Knowing the constants relating to defect 
formation as reported in Table 2 we can use 
the expressions developed earlier (notably 
equations ( 8 a), (23), (25) and (4)) to calculate 



958 


M. O'KKKFFK and M VAI.IGI 


the concentration of defects in pure and doped 
MnO as a function of oxygen pressure. F’he 
result of such a calculation is shown in hig. 7 
for a temperature of 1 100°r. 

Noticeable in this diagram is the fact that 
in chromium doped MnO the logarithm of 
the various concentrations is not a linear 
function of the logarithm of oxygen pressure 
across most of the field of stability. It may 
also be seen that the limiting solubility of 
chromium is strongly dependent on oxygen 
pressure. Particularly noteworthy is the 
observation that the intrinsic point p = /) 


fails just outside the Mn-MnO boundary in 
striking vindication of the prediction by 
Krbger[25]. 

It should be possible now to calculate the 
electronic conductivity of Cr doped MnO 
as a function of oxygen pressure. Using the 
same data we have calculated the relative 
conductivity aja,,, in pure MnO, in MnO + 
2at.%CrO|.5 and in MnO saturated with 
Cr.O.j. The curves are shown in Fig. 8. A 
striking ditference in slope d log crli) log 
between pure and Cr doped MnO at low 
oxygen pressures is predicted and apparently 



t ig 7 C alciiiaied conccnlraiions of delects rn pure and in Cr 
doped MnO the curves refer to chromium concentration (|( rM„|), 
hole concentration ip) and cation vacancy concentration l|f 'i,||). 
The subscripts are a. satuiated with chromium, 2, 0-2% chromium, 
O, pure MnO, Note the point /> = n at the lower left corner The 
Mn/MnO and MnOyMn,Oi boundaries are indicated. 
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Fig. 8. The relative conductivity at II00°C calculated for pure 
MnO, MnO doped with 0-2 at.% Cr^O, and MnO saturated with 
C'r/),. T he experimental points are; •. pure MnO; O and x. two 
samples of MnO saturated with OjOatsome MnCrjO, present). 


irne out by the experimental results as 
own in the figure. 

I Elfctrical properties 

It proved essential in this work to have as 

II as possible an understanding of the electri- 
il properties of MnO. in particular to under- 
and why MnO and NiO should have such 
teresting differences in behavior (NiO has 
) region of n-type thermoelectric power 
r example). To this end it is instructive to 
insider an energy level diagram such as 
instructed by McKinzie[10] following the 
ocedure of van Houten[26, 27]. These 
ithors and also Morin [28] have discussed 
e procedure for doing this at length so the 
itails are not repealed here. The essential 
ita used are the ionization energies for 
ln[29]: d* 33-69eV; 

'■9.SeV; d^s~*d^, 15-64 eV and c/®— ♦d*, 
’•87 e V ; and for oxygen (F" -♦ 0‘ . —8-9 e V. 
he Madelung potential at an ion site is 
22-6 V. The crystal field stabilization 
lergies were taken to be: d". 0-3 eV: d*s, 
0; d®, 1-5 eV, The most important quantity 
1 this kind of calculation is the polarization 


energy when an ion of different from normal 
charge is present in the lattice. In this instance, 
the critical quantity is the polarization energy 
when there is Mn^ or Mn“^ in place of Mn**. 
To a fair approximation we can take the values 
calculated by van Houten for NiO. as most 
of the polarization will be the surrounding 
oxygen ions. However, because the polar- 
izability of Mn'^^ is larger than that of Ni^^. 
this value will be an underestimate, van 
Houten’s values are. for a rigid lattice 5-0 eV, 
and allowing ionic relaxation. 6-8 eV.* 

From these data we obtain the energy level 
diagram shown in Fig. 9. In this diagram levels 
are identified as if they were occupied so 
that, for example, the level labelled Mnn,„ 
is a Mn^*^ ion when occupied (and is a hole. 
Mn®"^, when empty). The highest filled band 
will correspond to the Mn^n level and the 

•The value given for polarization energy by Dickens 
et u/.|24j IS clearly too large for MnO. although these 
authors agree with van Houten for NiO. The reason is 
that the polarizability of oxygen was taken to be larger 
in MnO; In fact, the refractive indcx(30| of MnO is 
actually smaller than that of NiO. The larger polariz- 
ability of Mn’^ results, however, in MnO having a 
much higher static dielectric constant than NiO[301. 
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Hj! 9 Hncicy level diayiam liir MnO rnim McKin7ie|ll)| 
liascd on a vimdar di,n;r,in) of van Honten|261 for NiO 

lowest empty band will originate in the 
level so it can be seen that the ilu-niial 
band gap for MnO should be somewhat less 
than 2'7cV in contrast to the values of 
5-4 cV found by the same method for NiO. 
The opiical band gap will be larger, and is 
obtained by using the rigid-lattice value of 
the polarization energy. In this way a value 
of .‘'-6 eV IS obtained. 

The low band gap predicted for MnO 
suggests that a considerably higher electron 
concentration is expected in this oxide than 
in NiO. Al.so of interest is the observation[29] 
that for Mn^ (f's is l -STeV more stable than 
c/** whereas for Ni^ c/" is 104eV more stable 
than the conduction band for MnO is 
therefore likely to have considerable .v charac- 
ter and to be wider than the r/-likc conduction 
band in NiO. This explains the unusually 
high (for an ionic oxide) electron mobility 
in MnO. 

Optical studies on MnO[3l.32| do indeed 
indicate an optical band gap of about 4 eV and 
show also the energy levels characteristic of 
in an octahedral field so that the Mn^^ 
levels are fairly well localized. 

The thermal band gap can be obtained from 
the experimental data in several ways. From 
equations (20) and (22), the minimum conduc- 
tivity is 


fr,„ = 2c(/f,/i,/r )'« (29) 

and K, is related to the thermal band gap 
energy e,, by 

Ki = n„p„e\p{-tolkr) (30) 

where n„ and p„ are respectively the conduc- 
tion and valence band densities of states. 
From these two equations it follows that 

-kil \n,Tjd(llT] = e»/2- (A/2)f) \T\piJd{llT) 
-(A/2)ffln/c ld(\IT) (31) 

From the data shown in Figs. 4 and 6, it has 
already been determined that —kHincrJ 
0(1/7) = l•39eV andthat-Wln/i+/0(l/7) == 
0-52 eV. so that from equation (31): 

t„ = 2-26eV-t-/toln/j../0(l/7), (32) 

The high electron mobility suggests that p- is 

not a strong function of temperature so the 
first estimate of the band gap is e,, -- 2'25 cV. 

A second method involves the data for the 
ixoihernuil variation of the thermoelectric 
power. Q. with oxygen pressure. Becker and 
Frederiksef33] show that close too-,„ 

HQII) In = {k^l2e)[€jkT) +A. +A..-2\ 

(33) 

here v is <l In p/rl In equal in this case to I /6 
and A ^ and A are the kinetic energy terms 
that enter into the contributions from holes 
and electrons respectively to the thermo- 
electric power. 

The data shown in Fig. 3 give for 1100°C, 
()Q/(i In = I ■ 18 X 10'^ V deg' ' so that from 
equation (33) 

<„= |2-l8-0-118(zl^+/IJJeV. (34) 

For the 'hopping' mechanism of conduction 
At, A- are probably close to zero[l,27]. so 
again e,, = 2-2 eV. An analysis along some- 
what similar lines but utilizing other data over 
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a wider range of concentrations was made by 
Crevecoeur and de Wit[34] using Jonker’s[35] 
method of analysis of thermoelectric power 
gave a smaller band gap 1-84 eV). As both 
Jonker's approach and equation (33) suppose 
that the mobility ratio b is constant, we prefer 
the larger value obtained here. 

A final calculation of interest concerns the 
densities of states, and p„. It was shown 
earlier that bKi could be unambiguously 
determined from the variation with doping of 
the oxygen pressure at the conductivity mini- 
mum, equation (16). Referring to Table 2, the 
value of bK, at 1 100°C is (with concentration 
units of site fraction) 5- 15 X 10'*. With = 2-2 
determined above 

hK,Q\p (inlkT) = bnuPo = 560 at 1 100°C. 

(35) 

Alternatively, if one were to accept the band 
gap of Crevecoeur and de Wit, €,)= l'84eV. 
the same calculation leads to 

bnoi}„ = 3Q. (36) 

As Jonker and van Houten[271 have dis- 
cussed, there are usually two cases to consider: 
Conduction in a fairly wide band with density 
of slates of the order of 10"'’ (expressed as site 
fraction i.e. 10'”-I(P cm and in the 
‘hopping’ regime the density of states becomes 
simply the concentration of ions, or unity in 
units of site fraction. A possible interpretation 
of the result expressed in equation (35) is 
therefore 10^ tk,- p„~ 1. This would 
imply that the ‘hopping’ model applies to the 
transport of holes and electrons in MnO. 
despite the very high mobility of the latter. 
On the other hand equation (36) is consistent 
with ‘band’ conduction for electrons, for if we 
take b Kfi, p^^ = ] we obtain = 3 X 10'- 
(= l’4x 10^' cm'’) and the usual expression 
for the density-of-states effective mass yields 

= h^inJiyi^lilTrmkT] - 3; 

( 37 ) 


a perfectly acceptable value. The lower band 
gap would imply /4 - = 2 in equation (34) and a 
rather large negative temperature depend- 
ence of fi- (about T"’, see equation (32)); also 
consistent with band conduction. 

In view of current thinking about oxide 
semiconductorsflj, the second possibility, 
with the lower band gap, seems the more like- 
ly. but to resolve the problem unambiguously 
a useful (but difficult) experiment would be to 
determine the temperature dependence of 
electron mobility. 

6. CONCLUSION 

Summary 

This work has demonstrated that correctly 
interpreted studies of the electrical proper- 
ties as a function of oxygen activity for doped 
crystals can be unusually productive. We have 
been able to derive in this way the equilibrium 
constants for incorporation of oxygen and 
chromium in MnO. 

The electrical properties can be correlated 
with an energy level diagram based on the 
ionic model. The conduction levels are 
associated with Mn’' and the valence levels 
with Mh'’’^ with an energy gap of T8-2'2eV, 
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RECOMBINATION AND TRAPPING IN /j-TYPE 
COBALT-DOPED GERMANIUM 


G. SUSILA 

Department of Physics, Indian Institute of Science. Bangalore- 1 2. India 
(Reieived 19 September 1969) 

Abstract -The role of cobalt centers in promoting the recombination and trapping processes in 
n-type germanium has been investigated. Data on lifetime measurements carried out by ihe steady- 
state photoconductivity and photo-magneto-electric methods in the temperature range 145 to 300°K 
on n-type germanium samples containing cobalt in the concentration range 1 10'' to 5 ICVcm’ are 
presented The results are analysed on the basis of Sah-Shockley's mulli-level formula to yield the 
capture cross-sections S,,' (hole capture cross-section at doubly negatively charged center) and 
S,|' (electron capture cross-section at singly negatively charged center) and temperature dependence 
It IS found that S„" is (22±6). 10 '“ cm” and is -- 01 . 10 '“ cm* at Sj' varies as T " 

(/I = 3-5 to 4-5) In the range I4.5-220°K; above 225‘’K the index 'n' tends to a smaller value. S,' is 
practically temperature independent below I80°K and increases with increase of temperature above 
I80°K, I he value of S„‘ and its temperature variation lead one to the conclusion that during capture 
at attractive centers, the phonon cascade mechanism is responsible for Ihe dissipation of the re- 
combination energy. 


1. INTRODUCTION 

It is well-known from the work of Tyler, 
Newman and Woodbury[l] that cobalt in 
germanium gives rise to two deep levels in 
the forbidden gap. one at 0-30 eV from the 
conduction band and the other at 0-25 eV 
from the valence band and that these levels 
promote the electron-hole recombination 
processes. The 0-25 eV level represents the 
transition of cobalt centers from the neutral 
to singly negatively charged state and the 
O'BOeV corresponds to the transition from 
singly negatively charged to doubly negatively 
charged state and the capture cross-sections 
that are involved in the recombination pro- 
cesses are Sr", S,,". S„“ and Sp" where the 
subscript refers to the type of carrier captured 
and the superscript to the state of cobalt atom 
before capture. A value of 10.l0‘'*cm^ 
has been reported for S° by Glinchuk et al. 
[21. Some stray values of S„' attributed to 
Glinchuk tS„- = 0-001 . 10''" cm* at 80“K 
and < 10- 10’'" cm* at 300° K) have been 
found quoted in the literature[3]. However, 
unlike its neighbours iron, manganese and 
nickel in the Periodic Table, no detailed 


investigations seem to have been carried out 
on the recombination cross-sections of cobalt 
centers in germanium and their temperature 
dependence. In this paper, the results of 
lifetime measurements on n-type cobalt- 
doped germanium samples are reported and 
some of the capture cross-sections of the 
cobalt centers have been estimated. 

2. MATERIAL PREPARATION 
Single crystals of n-type germanium were 
grown by Czochralski pulling technique. 
Cobalt doping was performed by adding to 
the melt germanium-cobalt pellets containing 
weighed amounts (10-60 mg) of cobalt 
(spectro.scopically pure and procured from 
Johnson Mathey & Co.. U.K.). The cobalt 
was free from nickel, iron etc. Even if these 
impurities were to be present in very small 
concentrations, it would have hardly mattered 
because the segregation coefficients of these 
impurities in germanium are also of the same 
order as that of cobalt. Also the presence of 
small quantities of shallow level impurities 
would have very little effect on the ultimate 
recombination processes in the temperature 
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range under invesligation. To get n-type 
crystals of different concentrations, antimony 
(Johnson Mathey Semiconductor grade 1 , 
spectroscopically pure) was used as the 
counterdopant. In all the cobalt-doped 
crystals, invariably lineage markings appeared 
at the latter portions of the crystals. Samples 
from the earlier regions exhibited dislocation 
densities of the order of a few hundreds to 
one thousand per cm-, as estimated by count- 
ing the etch pits. Samples cut from the lower 
portions sometimes showed abnormal mobility 
behaviour and rather low effective cobalt 
concentration. 

i. EXI'ERIMKNTAL 

Resistivity, Hall effect and lifetime measure- 
ments by the steady-state photoconductance 
(pc) and photo-magncto-eleclric (pme) 
methods were carried out on a large number 
of «-(ypc cobalt-doped germanium samples 
in the temperature range 145-.MK)°K using 
liquid oxygen as the refrigerent. For Hall 
effect measurements, a magnetic field of 
.1000 oersteds was used. 

For lifetime measurements light from a 
tungsten filament lamp (.16 W) powered by a 
constant current source and interrupted at 
I20cps by a chopper disc was focussed on 
the specimen, An iris diaphragm to vary the 
injection level and a water filter of .1 cm 
thickness to ensure surface generation were 
interposed in the path of the beam. The 
photoconductivity signal obtained across the 
sample when a current was passed through 
it from a constant current source was ampli- 
fied by a twin-T narrow band amplifier (band 
width 5 cps) and was fed to a phase-sensitive 
detector. The reference signal for the phase- 
sensitive detector was derived from a photo- 
cell on which was incident light from an 
auxiliary lamp and chopped by (he same 
chopper, thus ensuring perfect synchroniza- 
tion of the signal and the reference. The 
detected d.c, output was measured by a 
galvanometer with a lamp and scale arrange- 
ment. The amplifier-phase-sensitive detector 


system were calibrated with signals of 
known magnitude. For pme effect, no current 
was sent through the crystal but the sample 
was subjected to a magnetic field in a direction 
perpendicular to that of light. The pme signal 
developed across the third perpendicular 
direction was measured in the same way as 
in the photoconductivity method. Using the 
pc and pme voltages the lifetimes Xp^. and 
W ^ere calculated. The unknown intensity 
parameter occuring in the evaluation of 7,.^ 
and Tpnie was estimated by the compensation 
method at room temperature, in which the 
pc signal was adjusted to cancel the pme 
signal. When there is no trapping which is 
usually the case at room temperature. 
W = V 6i>mp- This assumption a.s can be 
seen later, was valid for most of the crystals. 
Since the value of intensity of the light 
estimated at room temperature was utilized 
for (he calculation of lifetimes Tp,. and ipme 
at other temperatures, care was exercised to 
retain the crystal and other components in 
the optical system undisturbed throughout 
each set of measurements. The lifetime 
measurements were carried out under the 
conditions described by Karpova el «/. [4]. 

In order to see whether linear recombination 
law is valid and to choose the proper intensity 
range in which the lifetime is practically 
independent of light intensity. Xp,. and Xp^, 
were measured for all the samples at different 
light intensities and the results for sample 
No. 48 are given in Fig. 1. .Similar results 
were obtained for other samples also. It is 
seen from the figure that Xp, and Xpp,p are 
constant within a factor of 3 for a change of 
intensity by a factor 20 even at low tempera- 
tures. Major part of the changes are confined 
to the region of high-light intensity. All the 
measurements were carried out in the middle 
of the region to effect a compromise between 
the signal strength and low-injection level. 

The front surface of the crystal was care- 
fully etched to reduce surface recombination. 
Experiments were performed in vacuum and 
in different gas ambients (Oj, N^, CO 2 . 
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Eig, 1. Varialion of and j-.h with light intensity for sample 
No. 48. 


NjO. Argon) to alter the surface recombina- 
tion velocity. It was found that there was 
practically no change in the observed lifetime, 
thereby indicating that the surface recombina- 
tion is small compared to bulk recombination. 

4. RESULTS AND DISCtJS.SION 

The variations of resistivity (p) and electron 
concentration (n„) as a function of temperature 
for high-resistivity, cobalt-doped n-type 
samples show the characteristic slope of 
0-30 eV in conformity with the results reported 
by Tyler and his coworkers for cobaltfl]. 
1 he lifetime values observed in cobalt-doped 
samples vary from 1 to'30psec at 300°K 
depending on the cobalt concentration in 
contrast to at least 30(1 p sec in the undoped 


material, thereby indicating that cobalt gives 
rise to efficient recombination centers. For 
the reliable estimation of capture cross- 
sections. low- and medium-resistivity samples 
were chosen and the results of 7p,, and 
measurements as a function of temperature 
are given in Fig. 2 and the other pertaining 
data are presented in Table 1 . 

The cobalt concentration in each sample 
was estimated by one of the following 
methods as applicable; tl) from the difference 
in the two plateaus in the log «« vs. l/T curve 
wherever two plateaus are clearly observed, 
(2) from the relative location of the sample in 
the grown crystal with respect to a sample in 
which two plateaus were obtained and (3) 
from the knowledge of the segregation 
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Fleclnin 

cone. Cobalt cone. Lifetime Index*/?' 

Sample at 300"K Af/ W = V S„’(T“K) S„( rK) in the power 

No. (No./cm^) (atoms/cm’) at 300"K(^i seel (>: 10 "cm*) (>< 10'"’cm‘') Vav/AT " 


48 

L44. 1(1" 

2-8.10" 

28 

28(145'’K) 

0I6(145“K) 

3-8 

53 

2'43. 10" 

1-5. 10" 

34 

28(145'’K) 

0 06(145'‘K) 

3-5 

54 

1-37. 10" 

4-4, 10" 

19 

I5(155°K) 

OI3(155'’K) 

4-15 

56 

M5. 10" 

- 1 . 10" 
(Effective 
value 

calculated) 

15-6 


0 005(I45“K) 

4-5 
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coefficient of cobalt in germanium and the 
amount added to the melt. 

Before analysing the results of the samples 
mentioned above, it is worthwhile to summar- 
ize the main features oftpc andTp™, data. 

(1) The Tpme value decreases with increase 
of cobalt concentration throughout the 
temperature range investigated, thereby 
indicating that cobalt atoms are responsible 
for recombination. 

(2) The Tpme decreases with decrease of 
temperature. 

(3) The log Tpc vs. lOOO/T curve shows the 
following features: 

(a) immediately below room temperature 
(from 300°K to roughly 270°K), Xp^ decreases 
with decrease of temperature, following 
closely the curve, (b) in the temperature 
range around 270-20fl°K, Tp<. increases rapidly 
to a value greater than the room temperature 
value and (c) at still lower temperatures 
(below 200°K). the curve shows a gradual 
decrease after reaching a maximum and in 
some crystals the decrease is followed by a 
plateau. 

(4) The trapping ratio K = Tp^/rp^e at low 
temperatures increases with increase in 
cobalt concentration for a given carrier 
concentration. 

The pronounced differences in the tp^e 
and Tp,. values at low temperatures indicate 
that there is considerable amount of trapping 
as expected for n-type crystals with deep-level 
acceptor impurities. The fact that the trapping 
ratio depends on cobalt concentration shows 
that the cobalt centers themselves are res- 
ponsible for trapping in addition to their 
role in recombination. 

There are two aspects to the understanding 
of the main features of these curves. They are 
(1) the study of recombination proper without 
the complications of trapping. This is possible 
by the analysis of the Tpp,p data which are not 
much influenced by trapping effects. (2) the 
study of trapping from the' photoconductivity 
data. 

The analysis of the Tpm, and data and the 


identification of the relevant cross-sections 
therefrom arc carried out on the basis of multi- 
level recombination statistics of Sah and 
Shockley [5] since cobalt introduces two 
acceptor levels. Under favourable conditions 
the formula can be reduced to the single- 
level form of Shockley and Read [6] as dis- 
cussed below. (Actually it has been reported 
by Tyler(7] that cobalt gives rise to three 
levels of which the lower most donor level is 
near the valence band. However this is ignored 
because it becomes operative only at very low 
temperature and at high hole concentrations). 

For the two-level case, Sah-Shockley’s [5] 
expression for x takes the form (for low- 
injection levels) 

K+/>o) 

(/o°+/.") 

Lx(n.O) {po + P*(i)l +T(p.l) {no+ n*(i)} 

^ (/."+/,») - 

x(rj,l){po + P*(§)} +t(p,2){/7o + «*(?)}. 

( 1 ) 

For meaning of symbols see Table 2. 

For n-type samples where the Fermi-level 
lies above the intrinsic level, there will be 
no neutral cobalt sites. Hence /o” can be 
equated to zero. Also, for low-resistivity 
crystals at low temperatures, the Fermi-level 
lies well above the second level, thereby 
ensuring that there are no singly negatively 
charged cobalt sites either (i.e. /,® = 0 and 
/j*= 1). Therefore the first term in the 
expression ( 1 ) can be deleted, po no and 
P*(i) ^ n«. bor example, even at room 
temperature for n„= lO'Vcm'l Po • 10''“/ 
cm®. p*(?) == p(i) = 5-8 . 10'*7cm' which will 
be even smaller when divided by y, the 
degeneracy ratio. Hence for low-resistivity 
n-type samples, the expression for x reduces 
to a very simple form at low temperatures. 




968 


G. SUSILA 


Table 2. Meaninfi of the symbols 


7 lifeltme; the subscript pc. pme, 
comp, refers to the s^alue obtained 

by the respective methods 

/■(<) O.lfleV level from the conduction 
hand 

Id) 0 25 c V level from the valence hand 

the dtgeneraej ratios of the 
respective levels 

11,1 and /)„ cquilibriijm conccnlialions of elec. 
Irons and holes. 


util 

/«(!) 

Ml) 

pis I 

£•(!) 
/r'lf) 
ri lil I 
/''<■! 
ir(') 

P i:i) 

iiMJ) 

fi'li) 

y, 

A,,. (V| and A. 


A," 


/i" 

fi" 


I-. 

A, esp - - 



A, exp 



A, exp- 


f,^- My 
il 


exp 



= 6.1(1 + A / logytil 
- LW t-A V logy(2‘) 


are obtained by replacing fX'l and 
Kl'jl by /-.'li) and /-.M!) in the 
expressions lorn and i> 

- ytjlntit; pMi) - pi Si/yl^) 

= riibwii): p'li) ~ plillyii) 
total concent ration of cob<ihccnlcis 
concentration of neutral, singly 
negatively charged and disubly 
negatively charged cobalt centers 
occupation probability for the 
neutral slate (under equilibrium) = 
A'„/A, 

same lor singly negatively charged 
slate - 

same lor doubly negatively charged 
state - A'l/Af. 


S 


capluic cross-scclioii 
(sub.scripl refers to the type ssf 
earner capiiiied and siipeiscripl 
to the slate ol the center hcl'oic 
capture) 


Tl/I. 0) - 


J 

A,S„"i ' 


T(«, I ) 


I _ 
A,S,rr 


V 


xr'i 1 rip. 2) -.7-jr— . 

Vfh,, I A,S„ r 

thermal velocity of the carriers 


7(p, 1) = - 


By identifying the measured with t 
in equation (2) and knowing //^(|), r?„ and 
Nf, Sp* can be calculated. Further for the 
case of cobalt n*(i) is of the order of I 6 . Ifl' V 
cm^ at 200‘’K (within a factor of y). which 
decreases very rapidly with decrease of 


temperature. Hence below 2(H)°K, rpmc ” 
T{p.2) and any temperature variation ofTpmi. 
at low temperatures should be due to that of 
S,ronly. 

In the region of temperatures where there 
is a change in the charge state (from 2 to 1). 
/,“ cannot be ignored and it may be necessary 
to examine the contribution of the other 
capture cross-sections in the first term of 
equation ( I ). 

The analysis of t,„. data is not as simple as 
that of in any temperature range. The 
difference between and particularly 
arises because of the large difference in the 
cross-sections for electrons and holes. It is 
the usual practice to deal with the ratio TpJ 
fpiiie “ ^ which can be expressed in terms of 
hPmJhp (the ratio of excess fixed charges due 
to trapping to the excess mobile charges) 
rather than with 7,,^ alone. Since in the low- 
and medium-resistivity n-type materials only 
the upper level is operative and the expression 
for 8pniiw/8p (see Ref. [8]) can be written as 


^PtUm _ ^ 
bp ' 


s.:/? -s„7i'' 

S,r[p,i-ip fi)! -( f«ii f- It (1!)+ A(/( I -/i")! 

(3) 

I sincc.(i," = ()). 

p,i and p 'li)-^ Pii and at low temperatures 


f/ I. Hence 


bptlav,' b/f Sp 

Sp n,i S„ 


The trapping coefficient K is given by [8] 


1 + 


h iV/Sp- 

b+\ fJu S„'‘ 


(5) 


Knowing Sp'. A'p tin and K. S„’ and its 
temperature dependence can be evaluated. 
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At higher temperatures where /a® 5^1, 
the expression for K is 

l+~— (6) 

p-ti 

provided the relative magnitude of and 
S„‘ are favourable i.e.,(S;,*/S„“) > I. 

For the samples under investigation, n„ 
varies from 10'^ to 5 . lO'Vcml For a value 
of 7 =» 10 (the reasons for which are discussed 
below), Tpmc » Tip. 2) at low temperatures and 
the values of 8^“ for the different crystals 
lie in the range (15-28). lO^'^cm^ at 145“K. 
Since n'^(i)lnn does not exceed 0 01 even at 
200°K, the temperature variation of Tpmp 
in the region I45-200°K gives the tempera- 
ture variation of rip.l) and hence that of 
S,;". Figure 3 gives the plots of logT,™,. vs. 
log T for the different samples. It is found 
that the plots are linear at low temperatures, 
thereby showing that the temperature varia- 
tion of S,r obeys a power law /IF*" (n varying 
between 3'5 and 4-5 for the different samples). 

If this power law were valid up to room 



t ig. .1. LogT(p,2) * LogTpn*. (at low temperatures) 
vs log T for n-type cobalt-doped germanium .samples. 
For sample 48 the horizintal scale is shifted. For sample 
54 the vertical scale should be divided by It). 


temperature, then making use of the extra- 
polated values of Sp”. it should be possible 
to fit up the experimental curve to the expres- 
sion (2) by a proper choice of n’'(i) i.e. 
yii). For the operative cobalt level 0-30 eV. 
it was not possible to fit up the experimental 
curve for a single value of y . 

This discrepancy may be due to (1) con- 
tribution from other terms in equation (1) if 
/,* / 0 near room temperature and (2) change 
in the power law (i.e. a less steep variation of 
Sp’ at higher temperatures). Rough estimates 
of the contribution of the first term to lifetime. 
T. indicate that it will not completely account 
for the discrepancy mentioned above when 
/,® / 0. This is further confirmed by the 
observation that in some crystals (for example 
N®: 53). in which the electron concentration 
is such that = 0 even at room temperature, 
the experimental rpm,. curve could not be 
fitted up to the expression using a single value 
of yl^). Hence it is concluded that the tempera- 
ture law for Sp’ determined at low tempera- 
tures may not hold good right up to room 
temperature and the index n in the power law 
may tend to a smaller value around 200°K. 

From the trapping ratio K. Sp’/S„’ and 
hence S„ was determined at IdS^K. The 
values of S„' determined for different crystals 
at about HS’K range from (0 05 to 2). 10 '® 
cm^ Using the expression (5) and assuming 
that S„’ is temperature independent, the trap- 
ping coefficient K was calculated for the 
temperature range under investigation. The 
plot of K vs. 1/T for two samples are given 
in Fig. 4. The full line represents the calcula- 
ted values of K and the dots represent the 
experimental points. 

For most of the crystals the calculated and 
experimental values of K agree reasonably 
well at low temperatures, the calculated values 
being slightly higher than the experimental 
ones and this deviation increa,ses with increa.se 
of temperature. The exact temperature 
dependence could not be found out due 
to uncertainty in the index n in the power law 
Sp~ = AT '' above 200°K. The calculation 
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hit!. 4, Variation of K with temperature Note the shift In the 
temperature scale for sample 53. 


of K in crystals whose log «(, vs. 1/7' plots 
exhibit two plateaus is rendered difheutt due 
to uncertainty in /I.". 

Some of the samples cut from the lower 
end of the grown cry.stals. which is rich in 
cobalt, exhibit the following anamolous 
behaviour. The pme and pc lifetimes are 
found to be larger than what would be 
expected for the cobalt concentration calcu- 
lated from the knowledge of segregation 
coefficient. While the overall pattern of 
and Tpme curves at low temperatures and the 
initial dip in the 7,^ curve are similar to 
those found in other samples, the curve 
shows a predominant hump around 225‘’K 
exhibiting values higher than that at room 
temperatures. Making use of the value of 
Sp“ from other samples the effective cobalt 
concentration is determined and it is found 
to be an order of magnitude smaller than 
the expected value. However the trap- 


ping coefficient K at low temperature is 
considerably larger than what is expected 
for the small effective cobalt concentration. 
The value of S„" estimated at 145°K is quite 
low (0-005. 10-"* cm''). 

The large difference in the expected and the 
effective cobalt concentrations may be 
because of the deactivation of the levels due 
to the precipitation of cobalt atoms from the 
solid solution. The high trapping coefficient 
may be due to the inhomogeneities in the 
crystal due to large amount of precipitated 
cobalt. The hump is much too pronounced to 
be explained on the basis of changes in the 
power law for the temperature variation of 

SpT 

5. y FOR THE LEVEL E (3/2) 

One of the ubiquitous quantities involved 
in the analysis of lifetime data is the degener- 
acy ratio denoted by y. The present knowledge 
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of these ratios for impurity levels in the band 
gap of semiconductors is scanty. For cobalt 
levels in germanium, there seems to be no 
prior investigations on y values and lack of 
this data has been a serious handicap in 
making quantitative calculations. An exami- 
nation of the carrier concentration and 
recombination data gives us some idea about 
these ratios. 

From the electron concentration data, 
the range of Fermi levels for the tempera- 
ture range under investigation is determined 
for different samples. This range indicates 
that the effective energy level £*(?) which 
is related to the true level £(il) by the relation 

£Ti) = £(^) + ATlogy(i) (7) 

should be situated above 0-30 eV level 
because the room temperature Fermi level 
lies above 0'30eV even for those samples, 
which show two plateaus in the log n„ vs. 
1000/T curve. This implies that y is greater 
than unity. By finding out the Fermi level at 
the temperature at which the electron concen- 
tration is n,| (at low temperature) +iN, 
(i.e.) the upper cobalt level is half-populated), 
it is possible to calculate y(i). The values of 
y obtained for different samples on the basis 
of the above procedure ranges from 7 to 16. 
It should be pointed out that this method is 
not accurate because it is quite sensitive to 
the choice of the point at which the cobalt 
levels are supposed to be half-populated. 
Since the values range from 7 to 16. a round 
figure 10 has been utilized in order to make 
approximate estimates of the values of n ‘(jj) 
andp*(;{) for discussion purposes. 

capture AT ATTRACTIVE CENTERS 
The cross-section S„" describes the capture 
process at an attractive center. The value of 
for cobalt in germanium has been found 
tobe(22±6). 10"'* cm* at I4.^°K. The capture 
cross-section is not dependent on the electron 
concentration, thereby indicating that the 
Auger process is not taking place. By combin- 


ing the temperature variation of Sp“ with the 
low temperature value, the room temperature 
value of Sp' has been determined and it is 
found to be around 1 . 10"'* cm*. It has been 
already mentioned that there must be a change 
in the magnitude of n to a lower value at 
higher temperatures. Therefore the extra- 
polated value of 1 . 10''*cm* for room tem- 
perature can be considered as a lower 
estimate. The fairly large value of Sp" and its 
temperature dependence are characteristic 
of the cascade process of recombination 
proposed by Lax [9] where phonons take away 
the recombination energy. The observed value 
of about 4 for the index n at low temperature 
is in conformity with the Lax's theory which 
predicts a value I to 4 for attractive centers. 
The reasons for values of n higher than 4 
observed in some specimens and for variation 
in 'n among individual samples are not 
known. Such behaviour, however, is not 
peculiar to coball-doped germanium alone; 
values as high as 5 have been reported for 
manganese-doped germanium also (10). The 
proposed less steep variations of Sp' at higher 
temperatures may be due to the contribution 
of optical phonons. 

6. CAPTURE AT REPULSIVE CENTERS 

The cross-section .S„ obtained from trap- 
ping ratios is of the order of 01 . 10 '* 
cm* at and it appears to be very weakly 
temperature dependent in the range I4.‘i- 
I80°K. However above I80°K. it is not 
possible to account for the observed K values 
assuming that S„' is temperature indepen- 
dent. The value of S„" at room temperature 
from experimental K value (assuming S„* 
~ I . 10“'* cm*, lower estimate) is 0’3 . 10 '* 
cm*. This will be even more if a lower index 
is used in the T " law of S,,". Allowing for 
this the value of S„“ may be around I . 10“'* 
cm* at .30()“K. 

Further information on S„“ may be obtained 
from a study of /^-type coball-doped samples. 
Considering the fact that S„“ is related to 
capture at repulsive centers, the magnitude 



972 


G. SUSILA 


of the cross-section is rather large. The same 
behaviour of S,r has been reported for 
other deep-level acceptor centers like iron, 
manganese, etc. in germanium! 10. I If 
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Abstract- Magnetisation measurements have been made at d on Pb-Bi and Pb-ln alloys over a 
wide range of compositions t he resulting data for the variation with composition of the three critical 
fields and kappa is presented. For both alloy systems the superconducting measurements prove to he 
a powerful method for resolving uncertainties in the phase diagram 


I. INTRODUCTION 

We report here data on (he primary .stjper- 
conducling properties of the Pb-Bi and Pb-ln 
alloy systems. The measurements were made 
during the course of a more general research 
programme into flux movement in the Pb-ln 
system[ll, sfnd flux pinning in the Pb-Bi 
system [2], and were necessitated by the 
paucity of data in the literature. We present 
our results in conjunction with the data given 
by other workers to provide fairly extensive 
information on critical fields and kappa values 
at 4-2°K over a wide range of alloy composi- 
tions, The experiments show also how super- 
conducting measurements can be of use in 
resolving uncertainties in phase diagrams 
especially in the regime where room tempera- 
ture diffusion is rapid. 

2. EXPERIMENTAL METHODS 

2.1 Spec mens 

I he phase diagrams for Pb-Bi and Pb-ln 
are given by Hansen and Anderko(3] and are 
shown in Fig. 1; all compositions will be 
quoted as atomic percentages. The alloys were 


’'Present address: Institute of Physics. University of 
Oslo. Blindern, Oslo 3. Norway. 


made up from 5N purity starting materials and 
vacuum cast into glass tubes. The specimens, 
about 20 mm long and 1-2 mm dia.. were 
annealed a few degrees below their melting 
points for periods of between 1-5 weeks. In 
the Pb-ln alloys and the Pb-Bi epsilon phase 
there was little change after three days 
annealing, but in the Pb-Bi alpha phase there 
was a tendency for prismatic solidification to 
occurH). which made it difficult to prepare 
very reversible alloys and would explain the 
anomalously high magnetic hysteresis obser- 
ved by Livingston 1 5) for these alloys. Analy- 
ses were not in general carried out and except 
where indicated the compositions quoted are 
nominal, although the few Pb-Bi specimens 
that were analysed were all found to be within 
i per cent of their nominal compositions. 

2.2 Magnetisation measurements 
Complete hysteresis loops were plotted 
for the Pb-ln specimens by a method of 
electronic integration. A Keithley 149 Milli- 
microvoltmeter was used to amplify the signal 
from roughly balanced pickup coils in the 
cryostat. The main pick-up coils consisted of 
two 8000 turn coils wound on a former S mm 
long with internal and external diameters of 
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Ref. 1.11, 


3 and 13 mm. These coils were balanced to 
within 01 percent and the specimen was plac- 
ed in one of them. Before integrating an adjust- 
able compensating signal was added to cancel 
any remaining contribution from the applied 
field. It came from a d.c. amplifier with a 
variable gain between zero and ± 20, and was 
originally derived from a 200 turn 100 mm 
dia. coil attached to the magnet pole pieces 
outside the cryostat. The magnetic field was 
measured with a Hall probe, accurate to 1 per 
cent, so that hysteresis loops could be traced 
directly on an X-Y recorder with an estimated 
accuracy in 4itM of 2 G for a 2 mm specimen. 

For the Pb-Bi alloys hysteresis loops were 
plotted point by point; the specimen was mov- 


ed rapidly from one search coil to an opposit- 
ely wound coil in series with a Kipp A 53 
ballistic galvanometer. Further details of the 
measurements, including the effect of jarring, 
are described in[2J. The accuracy was usually 
better than 1 per cent and for a 2 mm speci- 
men, AttM could be measured with an ulti- 
mate sensitivity of 0-3 G. 

3. ANALYSIS OF RESULTS 
3.1 Normalisation 

Typical hysteresis loops are seen in Fig. 2; 
some hysteresis invariably remained, which 
has been shown [2] to arise almost entirely 
from pinning of flux lines at the surface inter- 
face, No treatment aimed at homogenizing the 
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Fig. 2. Magnetisation curves (a) as measured for Pb-.55% Bi. (b) as measured for Pb-309f In and 
(c) illustrating areas compared in deriving inequalitie.s for 4PC is the area under the straight 
line which coincides with the reversible curve at H,-,. 


interior of the specimea will significantly normalised directly to the diamagnetic slope 
improve the reversibility, since the readings started from zero field. 

The ballistic magnetisation curves could be Demagnetisation effects were small as long as 
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the specimen was closely parallel to the applied 
field. For a 2 mm dia. specimen the slope 
deviates from unity by 2 per cent. 

For the eleclionically integrated loops the 
initial slope could not normally be measured, 
so the curves were normalised to the slope of 
a line drawn from the origin to the point of 
first observable departure from linearity. I his 
point, at was taken as a first approxima- 
tion to a discussion of the procedure for 
extracting ticcurate estimates of H , , from the 
curves IS given below in .Section ..F The true 
//, 1 is invariably some tens of oersteds less 
than //,/., but this is not important for the 
puiposc of normalisation as the normalisation 
procedure is rather insensitive to the exact 
choice of Hir provided that the zero field 
remanence is small. 

} 2 l-i'dliKition i>j H( , s-| K, mid H, 

At high fields where the hysteresis is small 
the path of the reversible curve can he located 
accurately midway between the incrcasjngand 
decreasing field curves. At lower fields it 
becomes increasingly ditlicult to deduce the 
path of the curve accurately in view of the 
uncertainty m however the area under 
the curve and hence II, can be found accura- 
tely as the area is insensitive (especially for 
large k) to large variations in the detail of the 
curve near//, Foi high kappa alloys (»f • 10) 
the reversible curves arc very nearly linear 
down to less than half H , so the slope at II, 
and the values of and II, can all be deter- 
mined accurately I'hc maximum probable 
error (2 to } times the standard error) was 
estimated as I '.5 per cent for H, ;, 4 per cent 
for the slope at H , ., and 2 per cent for H, . For 
smaller kappa values the error increases 
progressively. The maximum probable error 
estimate.s are indicated in the figures. 

The results were interpreted as far as pos- 
sible in terms of the temperature dependent 
Ginzburg- Landau theory [6, 7]. The values of 
Hn and Hr were used to calculate k„ and k, 
was obtained from the slope at Hu- The 
different kappas have been defined by Maki 


[6]. The theory is not yet completely satis- 
factory, although it seems to be qualitatively 
correct [8,9J. 

A powerful test of the theory is the value of 
the ratio k^Ik,. By considering the inequality 
of the area under the reversible curve, 
and the area under the straight line which 
coincides with the reversible curve at high 
fields, definite inequal- 

ities restricting the range of variation of k.Jk, 
can be obtained (see diagram, Fig, 2(c)l. These 
inequalities are a useful check on the full 
microscopic theoretical treatment and also 
give a clear physical picture of the conse- 
quence of a change in k-Jk,. 

It can be shown that k-. must always be 
greater than 0-92/f|. Also when the fraction of 
total area of the reversible curve that lies above 
the straight line exceeds 01.'' one can show 
that K, ■' K-|. Experimentally we find Ihis to 
be the case for alloys with roughly k < 7. For 
K ■> 7 one has O' 92 k , < < k,. 

The results indicate that for the Pb-ln 
alloys K., is significantly greater than k, 
especially for small kappa. For the Pb-Bi 
alpha phase there is a transition across k, = k., 
at around Pb-2()% Bi. For the epsilon phase 
K, is significantly greater than k., (taking a 
mean of all five compositions gives k., = ({)'9.'! 
.t()0l)K|); however the tendency for the 
ratio kJk, to decrease as kappa increa.ses 
across the phase is hardly statistically signifi- 
cant. 

The values obtained for kappa and the criti- 
cal fields are given in 'Fable I for Pb-Bi and 
in Table 2 for Pb-ln. The variation with com- 
position of kappa is shown in Fig. 3, and that 
of in Fig. 4, Some values obtained by 
previous workers|5, 10, 1 1 J are also shown in 
the figures. 

3.3 EvaluuIionofHr, 

It is difficult to obtain good values for the 
lower critical field. If there is any hysteresis 
it tends to be greatest near Hn and the initial 
diamagnetic slope appears to extend beyond 
Hci. The point of first observable departure 
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Table I 


At% 

Bi 

TIT,. 

(kOe) 

H, 

(Oe) 

H, 1 {H and/4) 

(Oe) 

H, , (filled) 

(Oe) 

'ft 

Ki 

If, 

40 

(I-.SO 

17-7 

909 

141 

156 

13-7 

13-1 

15-7 

t7'5 

0-50 

16-5 

874 

137 

151 

1.3 4 

12 8 

15-4 

M-r 

0-50 

14-4 

775 

130 

146 

13 2 

12-7 

15-2 

.13?* 

0-.30 

13-4 

738 

118 

134 

12 9 

12 6 

14-9 

3M* 

0-50 

12-3 

698 

113 

123 

12-4 

12 2 

14-3 

23 

0'52 

«-6 

580 

105 

125 

10-3 

10-3 

11 7 

22-5 

0-52 

8-5 

580 

105 

125 

10 2 

10 3 

11-6 

17-5 

0-54 

5-8 

620 

1.32 

182 

66 

6 5 

7-4 

1.3 

0-5.3 

4-5 

630 

183 

210 

5-1 

5-3 

.3-7 

12 

0 55 

3-8 

645 

2ti 

2.30 

4-2 

44 

4-7 

It) 

0-56 

2 9 

640 

2.33 

290 

3-2 

3*5 

3-6 

5 

0 57 

1 65 

560 

332 

3.30 

19 

2 •5 

2 1 

25 

0-58 

0 94 

570 

440 

450 

I 2 

... 

1 3 


* Analysed by electron microprohe analysis. 


Table 2 


Al% //h- H,, H, H, 


In 

TIT, 

(Oe) 

(kOe) 

(Oe) 

(Oe) 

S) 


Sl 

18 

0-39 

180 

3-0 

520 

170 

4-1 

4-4 

4-6 

30 

()'60 

160 

3-7 

.30.3 

143 

5-2 

5 1 

.3 6 

4(1 

0 61 

16.3 

4-1 

480 

125 

60 

6 2 

6 2 

45 

0-62 

13.3 

4 0 

460 

120 

6 1 

6 1 

6-5 

.30 

0-64 

135 

3 8 

4.30 

105 

6 3 

69 

7-() 

57 

0-().3 

120 

3-3 

400 

105 

5 9 

6-0 

6-3 

62 

0-67 

140 

28 

380 

no 

5-2 

5 6 

5-7 

75 

()-73 

90 

1-4 

215 

70 

4 6 

4-7 

4 8 

83 

0-79 

82 

0-62 

160 

65 

2-8 

3-4 

3 2 

89 

0 91 

36 

0 15 

53 

28 

2 0 

2 2 

2 1 


from linearity, Hu- has often erroneously 
been taken as Hn. 

Two methods were used to obtain more 
accurate values for H , The first method was 
to calculate kh from Maki’s[6] results using 
values ol Ki obtained above, in conjunction 
with the critical temperature data of other 
workers! 12]. The variation of with 

kappa has been computed by Harden and 
r^rpl 1 3] from the Abrikosov theory, and there- 
lore a value for W, , could readily be obtained. 
The process could be iterated if required, by 
re-drawing the supposed reversible curve to 


H,, rather than Hy,. and re-measuring the 
area to obtain belter values for H, and thus 
Hi,, but this was unnecessary in the present 
case on account of the fairly low hysteresis in 
the experimental curves 
The second method was to use directly the 
computed Abrikosov curves (for the high k 
limit) giving the magnetisation near H, , as a 
function of (W-W, ,), the form of the curve 
depending on W,/kj. The experimental curve 
was fitted by the appropriate one of a set of 
theoretical curves using points in regions 
where hysteresis was low, i.e. well above Hfp. 
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Fif; ^ Measured values of *, for (a) Pb-Hi and (b) 
Pb-ln. 


The precise low field shape of the Abrikosov iterated In the case of the Pb-Bi system both 
curve then determined a value tor H/, and methods for determining Ha were used and 
HcIks. Using Makiffi] this value ot H,- could the results compared. The first method gave 
be checked against a new estimate of //,■ re- results slightly below the second, the differ- 
determined from the area under the reversible ence between the results increasing as kappa 
curve and if necessary the process could be decreased. This difference may be related to 
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Fig 4. Measured values of H,^ for (a) Ph-Bi and (h) 
Pb-ln. 


the inaccuracy of Abrikosov’s expression for 
the magnetisation for small kappa values. In 
addition in the low kappa region the alloys 
can no longer be regarded as obeying the ‘dirty 
limit’ theory. Helfand and Werthamer(7| 
give data which shows that one should get 
significant deviation in these alloys when k < 
2, i.e, for compositions of less than 6% Bi. 

In the case of the Pb-ln system the first 


method was used to determine Values 
obtained for both systems are shown in Fig. 5 
together with the results of previous workers 
[5. 10], 

4. THE ALLOY PHASE DIAGRAMS 
For both systems the superconducting 
measurements indicate how uncertainties in 
the phase diagram may be investigated. 
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Fi^ ' Measured values of II, and II,, lor (a) Pb-B] and 
«b)Pb-ln. 


In the Pb-Bi system there is still consider- 
able uncertainty as to the bismuth rich limit 
of the epsilon phase at the eutectic tempera- 
ture. This uncertainty arises because epsilon 
phase alloys with more than 35% Bi are un- 
stable at room temperature and precipitate 
bismuth. Room temperature diffusion is rapid 
and microstructures change significantly in 
the time taken to prepare a micrograph. 


Superconducting measurements were made 
on a series of alloys with increasing bismuth 
content. They were annealed near the eutectic 
temperature and quenched rapidly into liquid 
nitrogen. Figure 4 shows the variation of Ha 
with composition. The alloys remained nearly 
reversible up to over 40% Bi. For alloys over 
about 42% Bi the irreversibility started to 
increase, indicating the alloy was no longer 
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single phase, while Hn remained constant at 
18-7±0-3 kOe. This corresponded to a limit- 
ing composition for the epsilon phase of Pb- 
41% Bi, assuming a linear extrapolation to the 
phase edge. 

The Pb-ln phase diagram (Fig. 1) has two- 
phase regions in the neighbourhood of 68 
and 87% In. The width of these regions is 
extremely uncertain. The analysis given below 
goes some way to resolving the uncertainly 
around 68% In and shows how a careful series 
of superconducting measurements could give 
valuable quantitative information. 

In the two-phase region the hysteresis loop 
becomes more irreversible because of flux 
line pinning by the second phase particles (2). 
Figure 6 shows the hysteresis loop for a 
6,‘i%' In alloy, the hysteresis revealing a mark- 
ed field dependence. Similar loops were ob- 
tained for 70 and 83% In alloys, although 
the hystcrclic features were less pronounced 
in the former case and only just discernible in 
the latter. There was absolutely no evidence 
of a second phase in alloys containing 62, 75 
and 89% In. 

The shape of the loop in Fig. 6 can be inter- 
preted in terms of a simple model in which 
phase boundary pinning is proportional to AM/ 
Vi(, Here AM is the difference in equilibrium 
magnetisation of the phases and R is the flux 


density. The minimum in the hysteresis as a 
function of field arises because when two 
phases have similar H, values but different 
kappa values their equilibrium magnetisation 
curves cross. At this point AM and therefore 
the pinning goes to ^ero, while similar reason- 
ing suggests that the local maximum in the 
hysteresis at a somewhat higher field occurs 
at H(i for the phase with the lower value of k. 

The compositions of the two phases present 
were thus estimated, by interpolating the 
results for Hn across the two-phase region as 
in Fig. 4, to be about 64 and 70% In. A 
simple calculation of the pinning on the model 
described then yielded the points shown in 
Fig. 6, giving a markedly better fit with the 
B '/2 dependence than with B ' or a pinning 
force independent of B. The scaling factor 
required to fit the experimental curve implied, 
using results inl21. that the precipitate par- 
ticles (assumed spherical) had a diameter of 
roughly lOqm. 

The particular specimen described was not 
quenched to low temperature and the simple 
two-phase structure assumed was almost cer- 
tainly modified by diffusion to give the obser- 
ved small discrepancies between the theoreti- 
cal and experimental curves. The present 
results, however, cast considerable doubt on 
the accuracy in detail of the phase diagram as 
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Fig. f). Measured hysteresis loop for Ph-6.S9f In alloy, 
with theoretical points calculated asdesenbed in the test 
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drawn in [3], and show that a systematic inves- 
tigation would clearly define the phase boun- 
daries in this situation where more conven- 
tional techniques cannot be applied. 

zlc/tni/wU'dneiiifW- Ho(h aulhiirs express (hanks to (he 
( cntral Elceltii'ity Cicneiating Hoard for financial support 
duiingthc course o( this wink. 
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CHARGE TRANSPORT THROUGH a-MONOCLINIC 

SELENIUM 

J. M. CAVWOOD* and C. A. MEAD 
California Institute of Technology. Pasadena. Calif 91 109. USA. 
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Abstract - The existence of surface barriers on o-moniKlinic selenium crystals has been demonstrated 
Photometric measurements indicate electron barrier energies of 105 and 1-3 eV. respectively, for 
Cia and Au contacts The mobilities of holes and electrons have been measured by a lime-of-flighi 
technique to be about 0-2cm''/Vsec and l•6cm*yVsec. respectively, at room temperature The hole 
mobility was found to be limited by traps 0-23 ±0 01 eV above the valence levels, while the electron 
mobility IS an intrinsic mobility limited by scattering. It was found that in the region of low earner 
density ti e. no space charge effects) the collection efficiency was limited by diffusion of carriers into 


the metal contact. 

I. INTRODUCTIO^ 

The u-MONOCLiNic form of selenium was 
apparently first produced by Mitscherlich in 

18. ‘'.’'[ll. Later crystallographic studies were 
conducted by Muthmann(2] in 1890 and by 
Saunders[3] in 1900. The electrical and optical 
properties were first investigated by a group at 
Gottingen which, in 1926, reported limited 
measurements of index of refraction, dielectric 
constant, and photoconductivity [4, .S], Al- 
though a detailed X-ray crystal structure 
determination was reported by Burbank [6] in 

19. ‘i0, no further work was done on the elec- 
trical or optical properties for over thirty 
years until Prosser measured the optical con- 
slants in the region of the long wavelength 
side of the absorption edge (()-876-0’!i92/x) 
[7J. Capitalizing on Gudden and Pohl’s dis- 
covery of mobile holes and electrons [5], 
Spear verified the mobility of carriers of both 
kinds and measured the mobility of electrons 
over a wide temperature range [8]. Recently 
the optical absorption constant has been 
measured to below ()-28 /i[9]. 

Since both holes and electrons are mobile, 
the absence of current flow with bias applied 
to the unilluminated sample clearly indicates 


’^Present address: Institute of Applied Physics. Univer- 
sity of Basel, Basel, Switzerland. 


that neither carrier can enter the crystal from 
the contacts. We have used the photoemission 
of electrons from different metal contacts into 
the selenium to demonstrate the existence of 
surface barriers and determine their energies. 

In addition we report transient measure- 
ments similar to those of Spear[8], in which 
the transit time and collection efliciency of 
carriers excited by a short flash of light have 
been studied as a function of the sign and 
amplitude of the applied field, temperature of 
the sample, and intensity of the light pulse. 
From these results a simple and completely 
selfconsistent model for structures of this type 
has been constructed. 

2. SURFACE BARRIERS 
Semple preparation 

The method of growing the crystals used in 
these studies was reported earlier[IO]. 
Samples were prepared by lapping a-mono- 
clinic. single crystals to platelets of the 
desired thickness and then etching the plate- 
lets in spectroscopic grade CS. in order to 
remove any surface damage resulting from 
the lapping. (The resulting platelets were 
40-100/11 in thickness and had lateral dimen- 
sions of few mm.) The crystals were oriented 
prior to lapping so that the large surfaces 
which received the contacts lay in the (101) 
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plane. Because the «-monoclinic torm is 
thermodynamically unstable at room tempera- 
ture (converting to the trigonal form in a 
period of a few years)! 1 1 j, care was exercised 
throughout this procedure to avoid heating 
the crystals above room temperature (20- 
2.‘'°C) in order to avoid thermal damage to the 
crystal 

Metallic contacts were made to the two 
sides of the platelets. Back contacts were 
made of gold or gallium w hile the front contact 
always consisted of a semitransparent gold dot 
deposited by vacuum evaporation. A shutter 
was used in all evaporations in order to mini- 
mi/e thermal damage due to exposure of the 
crystal to the hot filament. The gold back 
contacts wcie vacuum evaporated and then 
cemented to a copper substrate with silver 
paste. The gallium contacts were prepared by 
wetting the substrate with gallium and push- 
ing the selenium platelet into the liquid gall- 
ium 

Kxpcnmcntal provedure 

The energy of barrier contacts to an in- 
sulating material such as Se can best be deter- 
mined by obsetving the photoemission of 
electrons from the metal into the conduction 
band of the material. As the photon energy 
is inci eased, essentially no current flows until 
the barrier energy is c\ceeded[12|. I he 
current then increases as the square of the 
energy above the threshold. .At still higher 
energies near the band gap, the onset of elec- 
tron-hole pair creation in the semiconductor 
causes a further very rapid increa,se in 
current. 

Light chopped at 45 Hz was focused from 
the exit slit of a .Spex double monochromator 
onto the entire front surface of the sample 
by a 6; J reducing mirror. Second and higher 
order light from the 0-5 jx blaze grating was 
eliminated by utilizing polished crystals of 
the series CdSj.S,.j. as filters. Bias was 
applied across the sample and the photo- 
current detected by standard synchronous 
techniques. Reversing the polarity of the bias 


allowed the current from the front and back 
contacts to be investigated separately. 
Measurements were made on several samples 
with guard rings to assure that the current 
flow was predominantly through the crystal 
and not along its surface. 

Results and discussion 

fhe logarithm of the observed photo- 
current is plotted as a function of photon 
energy in Fig. I for two polarities of applied 
bias. The sample on which these data were 
taken had both front and back contacts of 
gold, but the area of the back contact was 
larger by a faejor of 10. The high energy 
portions of the two curves are quite similar, 
and are attributed to bulk free carrier creation, 
fhe energy at which the current begins to 
increase quite rapidly. 2-3 eV, is in good agree- 
ment with the earlier reported value for the 
optical absorption edge for a-monoclinic 
seleniuni[91. fhe equality of the current for 
the two polarities is a strong indication that 
deep trapping is not important in these 
samples. 

Lor photon energies less than about LSeV, 
the current is increasing as would be ex- 
pected from injection over a barrier, but the 
ratio of the currents for the two polarities is 

40:1. Simple considerations of area of 
contacts accounts for a difference of 10:1. 
The optical absorption length in gold for this 
wavelength is I30-150A[13] and the range 
in gold for hot electrons of the energies in- 
volved in this experiment is about 350 A[I41. 
Since the thickness of the front contact 
is about 900 A, electrons are essentially all 
generated at the front surface of the gold and 
then relax as they diffuse toward the selenium. 
Thus the front contact should be about 10 
times less efficient at injecting electrons into 
the selenium as the back contact. However, 
about 70 per cent of the light which enters the 
selenium is absorbed before reaching the 
back contact leaving it more efficient by only 
a factor of 3. Thus the total photocurrent 
from the back contact should be approxi- 
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Eig. 1. Phoioturreni vs phulon energy for ana-Se sample with gold toniacls. The 
hack contact was larger than the front hy approximately a factor of 10 


mately 30 times as large as that from the 
front -as observed. The polarities of the bias 
involved in this experiment indicate that the 
carriers injected over the barriers are in fact 
electrons. 

The sharp dip that occurs in the photo- 
current from the back contact at photon 
energies between I -9 and 2- 1 eV is due to the 
sharp increase in the optical absorption 
constant of from ()'I66x 10^'^cm ' at l-9eV 
to I -805 x 10' cm ' at 2-leV(71. Since this 
platelet was measured to be about 100^ 
thick, the fraction of light entering the 
selenium crystal which reaches the back 
contact is about 0-3 at energies < 1 -8 eV. 
0-2 at l ^cV, 0-0018 at 2-0 eV and l-4x I0 " 
at 2-1 eV. Since it is clear that this absorption 
must account for a decrease in photocurrenl, 
the electron which absorbs the photon must 
make a transition between two localized states 
(e.g. a bound exciton). As.the photon energy 
increases, the energy which separates the 
absorbing localized states from the conduct- 


ing states decreases and it becomes in- 
creasingly likely that the carrier will be 
thermally excited to a conducting state. 
At hp = 2-1 eV. the current from this process 
becomes larger than the current coming over 
the barrier and continues as the dominant 
process until the photon energy is increased 
to the threshold for phologeneration of free 
carriers. 

In big. 2 is plotted the square root of the 
normalized photocurrent for low photon 
energies plotted as a function of energy of 
incident photons for a sample with gold front 
contact and gallium back contact. This plot is 
linear over a large range of photon energy. 
The zero current intercept for the case in 
which the gold contact is biased negatively 
is about l -3eV. as it was for similar plots of 
cases in which both contacts were gold. How- 
ever. in the case in which the gallium is 
biased negatively, the zero current inter- 
cept is l-05eV, This clear cut difference of 
threshold with differing contact materials 
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l ig 2 I on): wiivclcnglh pholoics[M>nsc ofo-Sc sample wilh Au I'ronl eoniact and 
( i,i back coniact. 


demonstrates that this phoiocurrent is indeed 
a contact phenomenon. 

The sign of the bias indicates that the 
carriers being injected are electrons. The 
barriers to the injection of electrons from 
gallium and gold into Se are 1 0,5eV and 13 
eV, respectively. The electronegativity of 
gallium is 1-6 and that of gold is 2-4 (1 5). Thus, 
the ratio of the change of barrier height to 
the change of electronegativity is consider- 
ably less than one. Behavior of this type has 
been observed on other materials and is 
usually associated with surface states in the 
forbidden gap of the material. 


3. MOBIIJTY MEASUREMENTS 
Expehmcniu! procedure 
All samples used in these experiments were 
typically 40 /a thick with both front and back 
contacts of gold. The front contact was 
approximately 10 ’cm^ in area. The measure- 
ment consisted of generating carriers at the 
front surface with a flash of light and drawing 
the generated carriers across the crystal with 
an externally applied bias field. The light 
generated by an air pinch discharge lamp 
(Fischer Nanolite) with a half width of about 
10 nanoseconds was focused onto the sample 
by a front surfaced mirror. A No. 5-60 
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Corning glass filter limited the light reaching 
the crystal to the wavelength range 0-33- 
0-52 fi. The absorption length in o-mono- 
clinic selenium for light of these wavelengths 
ranges from 0-2 to 0 02 /a[9]. Intensity of 
light reaching the sample was controlled by 
neutral density filters of metal screen (in 
some cases mechanically supported by 
ultrasil fused silica) placed in the light beam. 

The sample was contained in an electro- 
statically shielded box which was electrically 
integral with the amplifier. This shielding 
prevented electromagnetic pickup of the lamp 
discharge by the measuring ciicuit. Provision 
was made for varying the sample temperature 
which was monitored by a thermocouple. 

Bias was applied to the front contact by a 

0 002-in. dia. gold wire probe. The current 
pulse arising from optically generated carriers 
crossing the crystal was integrated by a 
passive RC integrator with a time constant of 
about 800/iisec (very much greater than any 
measured transit time), amplified by a Keithley 
model 105 pulse amplifier, and displayed on a 
high speed oscilloscope. The data was photo- 
graphically recorded from the oscilloscope 
screen. In all measurement reported here, the 
generation length was very small. ~ 1/500 of 
the sample thickness, and the generation time 
(i.e. duration of the light flash) was much less 
than the time for the carriers to drift across 
the platelets. Under these conditions, the 
current ansing from the charges going to the 
front contact contributed a negligible amount 
to the integrated current which is, therefore, 
a direct display of the induced change due to 
carriers of one sign drifting across the crystal. 

1 he sign of the carriers composing the charge 
sheet was determined by the polarity of the 
applied bias. In order to insure that the bias 
field was not distorted by trapped charge, the 
sample was shorted and illuminated with 10 
light pulses before each measurement, 

{Results and discussion 

A typical oscillograph trace is shown in 
big 3. The maximum collected charge is 


= 10 '^C, The charge induced on the sample 
electrodes due to the applied bias is thus 
much larger than the charge in transit for 
applied fields greater than =750 V/cm. In the 
absence of deep trapping,* the risetime of the 
waveform shown corresponds directly to the 
transit time r, of carriers crossing the sample. 



The inverse transit lime determined in this 
way is plotted as a function of applied electric 
field in Fig. 4. The plot results in a good linear 
relationship as expected from equation (1). 
where the slope of the straight line is ju/d. 
From plots of this type taken for the two bias 
polarities, mobilities of holes and electrons 
were determined as a function of sample 
temperature, and are shown in Fig. 5. The 
electron mobility, /a, , shows a slight decrea.se 
with increasing temperature, suggesting that it 
is limited by lattice scattering. Typical values 
at room temperature ranged from I '5cmVV- 
sec to 3-6cm-/V-sec depending on the parti- 
cular crystal. 



Fip. -t InvciM' IranMl time vs hias licid fur electron', at 
25 “('. 


*One indication that deep trapping is not important was 
noted in Section 2 A detailed discussion will be given in 
the next section 
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Si|ii,iies I kind pluses + wei'c taken after healinj:. 

1 he hole mobility. ii,„ exhibits an expon- 
ential iticrcase with an activation energy of 
0'2.U’V. indteating that it is dominated by 
shallow trapping, in confirmation of the 
earlier work of Spear [H]. TetTt[ 16) has shown 
that behavior of this sort is consistent with a 
model in which the holes spend most of their 
time in traps so that the measured mobility 
is much less than the true lattice mobility. 
Mwi. and is determined by the release time of 
the traps. The room temperature hole mobility 
of course, varied with the trap density, a 
typical value being ()'2 cm-/V-sec. We can 
use these values to estimate the trap density. 
The number of times the average hole is 
released from a trap, «, is the prirduct of the 
transit time and the emission probability 

It = T,Ci, T,C„, 0,^,6 (2) 

where e* is the emission probability per unit 
time, v„, is the thermal velocity, is the 
cross section of the trap for holes, N,. the 


effective density of states in the valence band, 
and E, is the trap activation energy [17]. 
During the time in which the hole is free, T/, it 
must drift a distance given by 

^ = (3) 

Hut Tf is just the mean time between trapping 
events, given by 


Combining equations ( 1 -4) yields 

IV, = ^ lV,e-'''''. (5) 

Mil 

If we assume N,. " lO'^/cm'' and ~ /x,,, 
we find N, - 10"Vcm\ a value well within 
the bounds of credibility. 

further examination of Fig. 5 yields more 
information concerning the traps. The circles 
show the hole mobility as the sample tempera- 
ture was being increased. These data fall on 
a straight line from which the 0-23 eV activa- 
tion energy was derived. The squares are data 
taken after heating the sample to 50°C and 
fall on a lower line of the same slope. Thus 
we can conclude that the temperature cycle 
introduced more traps of the same activation 
energy as those initially present. We hypo- 
thesize that all these traps have a common 
origin; broken Se rings. The triangles and 
crosses show the electron mobility before and 
after heating the sample to .‘iO°C. It is clear 
that the electron mobility was unaffected by 
the temperature cycle. 

4. COLI.Et'TION EFUCtENC’Y 
When electron-hole pairs are created near a 
metal-semiconductor interface by a short 
burst of light, one can observe the resultant 
pulse of collected charge. For a uniform elec- 
tric field, the behavior of this pulse can be 
divided into three cases. Figure 6(a) illus- 
trates the case in which the collection effi- 
ciency, 7), (the ratio of collected carriers to 
electron-hole pairs generated) is unity and all 
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Eii,', 6. Collected charge v.s. lime for three cases; la) Col- 
lection clficiency unity and response time equal to transit 
lime linversely proportional to eiccinc field), lb) Re- 
sponse lime equal to bulk trapping lime and collection 
clficiency proportional to electric field, (cl Both inverse 
response time and collection efficiency proportional to 
eicciric field. 

of the carriers cross the sample without 
becoming deeply trapped. In this case the 
transit time, t,. is inversely proportional to 
the electric field, and the total collected charge 
is constant. 

If the carriers are deeply trapped while 
crossing the sample, the risetime of the pulse 
is equal to the bulk trapping time, independent 
ot electric field, but the collected charge is 
proportional to the electric field becau.se 
increasing the field increases the distance the 
carrier travels before being trapped. This 
case, which is illustrated by Fig. 6(b), has been 
shown in the previous section to be inapplic- 
able to our data. 

The third case, in which both inverse transit 
bmc and collected charge proportional to 
electric field, is illustrated by Fig. 6(c). This 
behavior is characteristic of the Se samples 


reported here. A plot of collected charge vs. 
Electric field at fixed light intensity is shown 
in Fig. 7. 

A number of models have been proposed to 
explain data of this type. Tabak and Warter 
1 1 8] have developed a model based on field 
aided thermal release from bound states. 
This model predicts an efficiency which 
increases exponentially with temperature. 


V = 


1 + — exp 

TrV 



( 5 ) 


where is the lifetime for nonphotoconduc- 
tive decay of the bound state, v is the attempt- 
to-escape frequency, is the binding energy 
of the state, e is the charge on an electron, 
and « is the permittivity of the Se. 

A number of authors) 19] have discussed 
recombination in the region of generation. In 
wide band gap semiconductors, one would 
expect carriers of one polarity to become 
trapped. A carrier of the other sign would 
then recombine with the trapped carrier. 
Since the electric field drifts the more mobile 
species away from the less mobile, a higher 
field would decrease the lime in which re- 
combination can occur and raise the collec- 
tion efficiency. 

A model similar to that of recombination is 



Eig. 7. Total collected charge for fixed light mtenxity ax a 
function of applied electric field. Meaxiircd points for 
electrons at 25°r The solid curve is the theoretical de- 
pendence (equation (8)) with vertical scale adjusted to 
fit at 7 kV 
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one in which both carriers are (rapped in a 
narrow damaged layer near the surface. This 
model predict, s a collection efficiency which is 
exponentially dependent upon the product of 
the mobility, /a, and the trapping time, t„, in 
the damaged layer of carrier crossing the 
sample. 

Although any or all of the above mechan- 
isms may be operative, they are often un- 
important compared with the effect of diffusion 
of carriers into the contact. The exceedingly 
short relaxation limes of hot carriers in metals 
is responsible for the absence of carrier 
storage effects in Schottky barrier diodes. 
This relaxation lime forces the density of 
both holes and electrons at the metal-semi- 
conductor interface to be essentially 7ero. 
Under all conditions the carrier distribution 
created by the light must be spread by diffu- 
sion. The carrier sink provided by the metal 
contact keeps the gradient toward it steep 
and accentuates diffusion toward the contact 
while the bias field drifts the entire distri- 
bution away from the contact (for carriers 
of the sign which cross the crystal I, 

The fraction of generated carriers lost by 
this process can be evaluated quantitatively 
by solving the continuity equation for the 
carrierdensity, u(.v. /). 


— = i^ L _ r 
f>l ^ \ </ d.i'" Ar/ 


(6) 


under the boundary conditions utO, i) = «(d, /) 
- 0 and the initial condition 




/V,iexp(-a,v) 

0 



(7) 


where the illuminated interface is at jc-0, 
the collecting contact is at \ = d, « is the 
optical absorption constant for the incident 
light, and Nn is the density of carriers gener- 
ated at X = 0^. This calculation, which is 
carried out in detail in the Appendix, yields 




ElEf 
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where Ef = (cxkTIq) is an 'effective diffusion 
field'. This expression is plotted as the solid 
curve in big. 7. 

The theory presented here makes a number 
of predictions beyond the field dependence 
given in equation (8). Since both the drift and 
diffusion terms in equation (6) are linear in 
mobility, it is evident that tj must be indepen- 
dent of mobility and polarity of carrier. The 
form of equation (8) makes it clear that the 
efficiency predicted by this theory decreases 
as temperature and optical ab.sorption constant 
increase. A further prediction is that the 
charge which diffuses into the contact does so 
in a lime much shorter than the transit time 
so that the charge collection pulse should 
show a linear increase as shown in big. 6(c), 
not the rounded shape as in Fig. 6(b). 

To establish the dominant mechanism 
which limits the collection efficiency, we first 
consider its temperature dependence. The 
collected charge, Qr, as a function of tempera- 
ture is shown in Fig. 8 for an applied field of 
approximately lOW/cm. The solid line is a 
least-squares fit to the data which decreases 
about 10 per cent for a temperature increase 
of .SO'^C in good agreement with the predic- 
tions of the diffusion model. If the binding 
energy of the state postulated in the field aided 
thermal release model were fl-leV, the 
collection efficiency would double between 
0 and 5()T, a result which differs from the 
least squares fit by about three standard 
deviations. Despite an order of magnitude 
difference between the measured bulk mobili- 
ties of holes and electrons, the observed 
efficiencies for carriers of both signs were 
nearly identical, as shown in Fig. 9. If the 
efficiency were limited by trapping in a 
damaged surface layer, the products of the 
mobilities and the trapping times in the 
damaged layer, p,T,r, for carriers of the two 
polarities would have to be nearly equal. 

The probability of an electron recombining 
in unit time, 
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ELECTRONS 1000 V/cm 



Eli! S, I ulal collected charge at fixed light intensity as a 
function of temperature for a low applied field. The solid 
line IS a linear least-square fit to the data. 


HOI F5 35*C 
firCTflONS 3VC 
HOI rs 30*C 
FlfCTRONS XX 


BIAS FlfLD <kV/Lm) 

l‘ig. 9 Total collected charge at fixed light intensity as a 
function of electric field for both holes and electrons. 


where i’,„ is the thermal velocity, u is the 
capture cross section of the trap for elec- 
trons, N, is the trap density, and / is the 
occupation factor which gives Ihe fraction of 
, the traps occupied by an electron ( 17], 

I 

I = C?««M 

■ '^here a: is Ihe absorption constant and A is 
; the area of the contact. Since both the trans- 


mission of the filter and the spectral intensity 
of the source peak in the vicinity of 4200 A, 
tt will be taken to be 2 x lO' cm ', the value at 
4200A[20, 9], Assuming that t',j, = I0' 
cm/sec, that o = 10 cm^ the cross sectional 
area of an Se„ molecule, and that Q„ = C?rma^. 
one finds that that recombination time is 

^ s 200 nsec 

• r 
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while the time for an electron to cross the 
absorption region at a field of IO()l)V/cm (a 
value at which half of the carriers must 
recombine if recombination is to be a tenable 
mechanism for the ij variation) is about I nsec. 
Thus, the recombination rate is too small by 
about two orders of magnitude to explain the 
observed effect. 

Although we have shown that in the case 
discussed here diffusion to the contact domin- 
ates that collection efficiency, other effects 
may be important in other cases. Neverthe- 
less, diffusion to the interface must be present 
in all contact limited devices and places an 
upper limit on the attainable efficiency. 

5. SEACE ( hak(;e effects 

So far the discussion has been restricted to 
light intensities small enough that space charge 
plays no significant part. We now relax this 
restriction and examine what occurs as the 
light intensity increases. This problem has 
been treated theoretically in detail by Weisz 
ft u/. |2!]. As long as the carriers which are 
generated at the front surface by a shoit pulse 
of light must either all begin to drift across 
the sample or recombine in a time short with 
respect to the transit time, no virtual cathode 
(i.c. a reservoir of charge which makes K - 0) 
can form. Simple integration of Poisson's 
equation then shows that the maximum 
amount of charge which can be drawn across 
the platelet is CV where C is the parallel 
plate capacitance of the sample and T the 
applied voltage. (It is shown in the Appendix 
that any virtual cathode must collapse in a 
time very much less than the transit time). In 
Fig. JO is shown the result of a graphical 
integration of the curves presented by Weisz 
el al. for current a.s a function of time. In this 
figure, the integrated current, or charge, Qit], 
is normalized by dividing it by the total charge 
generated, and plotted vs. time. Note that 
the effective transit time, as it has been ob- 
tained above from the experimental data, 
increases about 20 per cent as Q„ increases 
from 1/10 CK to CT, and that most of the 



Eig. 1(1. ( ollecled charge as a function of time based on 
the calculations of Weisz <•( of. (2 1] showing that the meas- 
ured transit time is insensitive to space charge cffect.s. 


increase in t, occurs as 0,j increases from 1/2 

cytocv. 

In Fig. 1 1(a) the data for transit time as a 
function of light intensity is compared with 
the theoretical predictions of Weisz el al. as 
inferred from Fig. 10. The agreement is seen 
to be quite good, except for the highest light 
intensity. 



Fig. ) I . Response time and total collected charge vs. light 
intensity. Measured points are for electrons at IVC with 
a bias field of » 6 kV/cm. Solid curves are theoretical 
dependence (see text). 
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One would expect that the collected charge, 
Qt, would equal -qQn for low light intensities, 
where Co 's the total charge generated by 
the light pulse. At higher light intensity the 
space charge would be increasingly effective 
in screening the bias field and the collection 
efficiency would decrease as the collected 
charge approaches the saturation value, CV. 
The data presented in Fig. I Kb) are again in 
good agreement with this sample picture, 
with the exception of the data taken at highest 
light intensity. 

Extrapolation of Q„ from low to higher 
light intensities suggests that a surface den- 
sity of carriers of between IO'*/cm’ and lO'V 
cm'' is created by the light flash. This would 
cause the surface sheet resistance of the selen- 
ium crystal to be in the vicinity of a few 
hundred ohms/O Since the evaporated 
contact covered only about 1/10 of the 
surface, it is possible that the surface conduc- 
tivity was modulated by the light flash to such 
an extent that the effective area of the con- 
tact increased enough that Qt is equal to CV 
for the larger effective sample area. This 
model would explain the large increase in 
transit time for the ca.se with Qr > CV 
because after the initial charge injection 
from the modulated surface the field lines 
would change rather drastically as the sur- 
face resistance rose. As would be expected, 
the collected charge vs. time curve displayed 
considerably more rounding for the high light 
intensity case than for those cases for which 
the light pulse was of lower intensity. 
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APPENDIX 

The problem to be solved is that of the behavior of an 
exponential initial distribution of carriers under the 
influence of drift and diffusion in the vicinity of a collect- 
ing contact. Formally one writes the continuity equation. 


bi '' 


h'n bn 

bx^ bX 


(A. la) 


the initial condition 


n[x. 0) = 


N„e 

0 


jt > 0 
X s 0 


and the boundary conditions 

/i(0. f) = n{d. () = 0 V/ 


(A lb) 


(A. Id 
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where. P is the diffusion ainstant, n is (he number of 
carriers, fi is the mobility, E is the electric field, n is the 
optical absorption constant, A/„ is the total number of 
carriers generated at the surface and d is the thickness of 
the crystal. 

Separating variables, solving the equation, and applying 
the boundary conditions yields 


n(x./) = 2'4«esp[-^Y) 

W-1 


ad'^ip 


(A.2) 


where F * p.E. 

Using the initial condition to evaluate one obtains 
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Now ifi/ IS SCI y lilii;c w I l », wc can lc( 1/ - ^ in such 
a way dial Ihli/I • a' and ohiaiii 


n(.i:, n 


A, I f 
V c\p 


-l/f 


( 4 


in] 


II cep sin li nin' 


-f 11 '- 


(A.4| 


I saliialnm ol llic inicfiial nuHluccs|22| 

iv (“' :/>) ^"It- 


jexpl 

j I'lte 


1 1 ] 
2\7fil 

1/ / \ i 

l,lc[ 

T-l l'\ 

1 ■' H 

exp 


2\77ijl 


(A “^1 


r /'■ 1 [ ll■'exp [- ii"'/)(] dn’ ) 

" I ^ 47, 'J J |;74. („ 4 (/.■|'' 2 /wi[i 7 “ + (Fliom 

(A.K) 

I he lime dependence is obviously segregated into the 
second term fcvaliialioii of the term before the integral 
places an uppei bound on Ihc relaxation time, t, - {4DII--). 
1 he ratio ol ihe relaxation time to the transit lime 

Ir ^ 4J) ^ 4UJq 
T, Fd I' 

wheic I-' IS the voltage, across ihc sample, A is Holtrmann's 
consiani and the Finsiein relation has been used to eviilu- 
aic />|23| Ihe smallest bias voltage ever employed in 
these nteasurcmcnis was .S V so Ihat 

-■ 0 02 
T/ 


Howesci, equation ( \ isn't sets iiss'liil because wh.il is 
really desiicd is the einienl lloss out ihioiigh the cont.ici 
at r ■- 0 I his cm I cut is gisen by 


/ ,, , fl' 

/ «(<l r) I) - 

lis 1 


1 0 


(A 111 


s^tl 


The lestill of siihstiliiling equation (,A -ll into equation 
(A nils 


It/) 


2\J) 

- - esp 


I t - I) 


/ ■ 

41 >' 


pislifying an earlier assertion Since the second teim of 
equation (A K) drops so rapidly svilh time (being alsvays 
less than 1/10(1 of the (list term after (h It,), one can say 
(hat essentially all of the charge which will be collected 
at r - ■ I) IS collected in the first small part of Ihe transit 
time and approximate the lost charge. QiU). with a con- 
stant. 
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n'-^dvi’ 

iPT (d +1/727) )7[(«'HT/'72/))7 


(A. 9) 


the fust term of equation (A Kl. By evaluating Ihe residues 
of the poles of Ihe integrand of equation (A 9). one finds 


fa' exjyl w'/_l(|_ 

J (o ~Hl i2l)\’4 n-' 


d'l'. 


(A 71 


Ihe charge lost by lime. 1 . as a resull ol the eiirreni of 
equation I A 7). 


Q, 


rt l+(/;//4) 


(A.l()> 


ys'herc /■., ^ ktk'l'lq) is an effective ’diffusion held'. Final- 
ly Ihe charge iransfcired across the cry.slal is given by 


C»,,(rl = J iK'idf' 

.c(1h' 

Tt IJ In'- +(a 4 ir/2/)))'lln-"-H/'/2/7)'| 


_ «(! 

r» I FililE,} 


(A.ll) 
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Abstract -The linear Zeeman ell'oct of ('u-‘ -centers with a r/" configuration in tetrahedral and trigonal- 
ly or tetragonally distorted tetrahedral crystal fields is investigated. The g-faetors are calculated in 
terms of crystal field parameters and orbitiil reduction factors by using a tensor operator technique. 
The eigenfunctions of the energy levels of Cu” centers are presented first. In case of a tetrahedral 
crystal field the g-factors may be found without any approximation and the angular dependance of the 
g-factors IS given. In case of trigonally or tetragonally distorted tetrahedral crystal fields the g-faclors 
are calculated with magnetic field parallel or perpendicular to the axis ot distortion The formulas of 
the g-faclors may also be used for Cu*’ -centers in octahedral and trigonally or tetragonally distorted 
oclahedial crystal fields and for ions with a</' configuration 


I. INTRODUCTION 

In II-VI compounds ^'-factors of 
tenlcrs can be obtained by Zeeman effect 
and by HPR measurements. While EPR gives 
the splitting of the ground multiplet only, 
observation of the Zeeman effect makes it 
possible not only to find the g-fiictors of 
excited states but also the energy level 
diagram. The energy levels of Cu''*+ centers 
tind the corresponding ^f-factors can be cal- 
culated in terms of various unknown para- 
meters so that the measurement of the 
.g-factors gives further information about these 
parameters and helps to find the correct inter- 
pretation of the optical spectra. On the other 
hand FPR measurements are usually inter- 
preted by using a spin Hamiltonian in which 
the )^-factors and other hyperfine structure con- 
stants play the role of unknown parameters 
to be determined by experiment. In this 
paper we are primarily concerned with the 
Zeeman effect and the g-factors are calculated 
m terms of crystal field parameters whereas 
hyperfine structure and related topics are 
neglected. 


Zeeman splittings of the energy levels of 
centers in I I-V 1-compounds had been 
observed by Dietz et a/.[IJ at ZnOtCu*^ 


crystals,’" and by De Wit[21 and Wdhlecke|3] 
at cubic ZnS:Cu^’ crystals. They also cal- 
culated the observed c’-factors in terms of 
crystal field parameters and orbital reduction 
factors. The determination of the parameters 
of the spectra of cubic ZnS:Cu^^ crystals, 
however, is not clear, and in the meantime 
new ^/-factors had been measured by Broser 
e( «/.(41 at ZnO : Cu'^"’ crystals. 

The aim of this paper is therefore to cal- 
culate all );'-factors of Cu-’’ energy levels 
from the standpoint of crystal field theory. 
In addition the angular dependence of the 
Zeeman splitting is investigated. The compari- 
son of the calculated jc'-fnclors with experi- 
mental measurements and the determination 
of crystal field parameters and orbital reduc- 
tion factors is given by Broser et fj/.[4). 

Copper centers -and also centers of the 
other transition metal ions -in ll-VI com- 
pounds are surrounded by four equal next 
neighbors which produce a crystal field of 
tetrahedral symmetry. The spectra of Cu-^ 
centers in cubic crystals (for instance cubic 
ZnS) may therefore be found by considering 


•They also found the same ground stale g-faclors by 
EPR measurements. 
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the influence of ii crystal field, invariant under 
the transformations of the symmetry group 
7rf, on the spectrum of the free ion. In case 
of hexagonal crystals (for instance ZnO) the 
symmetry of the crystal field is C’.n which is 
a subgroup of 7„, and the trigonal axis is 
called the c-axis. For reasons of mathematical 
convenience these circumstances are best 
described by smtill trigonal distortions of 
tetrahedral crystal fields. In addition tetragon- 
ally distorted tetrahedral crystal fields 
(symmetry group /7i,i) are considered here. 

In a foregoing paper(5| the author cal- 
culated the energy spectra of Cu^'-ions in 
tetrahedral or octahedral crystal fields with 
and without trigonal or tetragonal distortions. 
Hy using the most general effective Hamil- 
tonian invariant under the transformations 
of the symmetry gtoup considered, general 
energy matrices are derived and the corres- 
ponding eigenfunctions are given. The 
energy levels, rxhich are the eigenvalues 
of the energy matrix, had been obtained 
approxiinalely by making some assumptions 
about the relative order of magnitude of the 
parameters. 

We can find the linear Zeeman splitting of 
the energy levels by calculating the matrices 
of a tensor operator in the eigenspacc of the 
energy level considered. The g-factors are 
simply the dilferences of the eigenvalues of 
these matrices, fhe tensor operator used is 
a more general operator than L + 2S (orbital 
angular momentum and spin operator). So 
orbital reduction is taken into account and 
this produces new orbital reduction factors 
k, k' which appear in the formulas of the 
^-factors as new unknown parameters to be 
determined by experiment. 

The eigenfunctions of the energy ievefs, 
necessary to calculate the g-factors, may 
be found from the energy matrices and eigen- 
functions given in reference [5] for a d' 
configuration. The transition d' -* d* of 
Cu-* can be done by replacing all parameters 
by their negative values [6], All g-factors 


obtained in this paper, however, are identical 
for d' and d^ configurations. This may be 
seen by a simple argument: the orbital reduc- 
tion factors k, k' are dimensionless parameters 
and do not change their sign if transitions 
d' *-* d^ are considered. The dimension of all 
other parameters, occurring in the g-factors, 
is energy and they change their sign when 
the transition (/'-*•£/“ is carried out. Since 
the g-faelor is a dimensionless function of 
the parameters, it must be invariant under the 
transitions d' *-* </“, 

The tran.sition from tetrahedral to octa- 
hedral crystal fields is just as simple. The 
energy matrices for this case may be found 
from those given in reference [5] by merely 
replacing Dq by its negative value. The same 
is true for the g-factors given in this paper. 

2. g-KACTORS OF A d' CONFIGURATION IN A 
TETRAHEDRAL CRYSTAL FIELD 

The first case studied is a d'* configuration 
in a tetrahedral crystal field with energy 
levels (.5 1 : 

£(IV='/2))==-4Dc/-^ 

where ^ \0Dq, f lODq has been 

assumed. The corresponding eigenfunctions 
may easily be found by an unitary transforma- 
tion of the basis functions, given in Ref. [5], 
with which the energy matrices are defined. 
Making also the transition t/' ->• <7* we find: 

|r«(-£')I) = flCOSa-FM_ sina 

|r»T'£)2) = hcosa-hv-sina 

= (/' cosa + u+ sina 

|r8(^£')4) = b' cos a-f i!.f sin a 
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I 1> = — sin «4- cos a 


\\{'^T.^)2) = — /jsina + u- cosa 
I »( sin « + «+ cos a 
I „( = —h' sin a+ cos« 


with 


1'7(-'/',)2) = c' 


( 1 ) 


sin 2a = 


V6f 


\/(IOD^/-if)2 + 6^'2 


V6« 

Vl + 6 €‘ 


^ \QDq-{^ ^ ' 

, -\mq + u 

“ V(IOD</-i^)H6r 

~ V1+6€^ 

and (I, h, c, a', h', c', m_ are defined in 

Ref. 15], The transition d' can be made 
by changing the signs of all parameters Dq, 
£. i\ but cannot be made if the parameter e 
is introduced. The formulas for the wave 
functions are different in both cases, the 
^'-factors, however, remain unchanged. 

To find the g-factors, for instance of the 
energy level I'af^E), with magnetic field in 
z-direction, we have to calculate the eigen- 
values of the matrix 


{\nm,\T, + 2S,\[\(■^E)^l) (3) 

with T^=Ty{T,). This is due to the fact 
that the components of the orbital angular 
momentum operator Tj., L„,.L^ transform as 
fj, y basis functions of the irreducible 


representation T , if the symmetry transforma- 
tions of the tetrahedral symmetry group 
are applied. The matrix (3) may be found from 
(I) and the matrices 

(£y|T,|£y)=0, 


/ 0 i 0\ 

({'r2y\r,\r,y'}) = ki -/ o o , 

V 0 0 0/ 

/o o\ 

((T,yl£,|£Y>)=£ 0 0 , 

\o 2(7 

((iM,|2S,|iM;>) = (i_J) (4) 

which had been calculated by using the 
Wigner-F.ckart theorem [6] 

dViFviDiry) 

= (d,)-''^(rii£ir)||r')(rr|rYrv> 


and the double barred matrix elements given 
in 15] 


(T.,ir(7',)||77) = 'Vw. 

(7,l|7(T,)|l£>=-i2V.^-', 

where additional orbital reduction factors k, 
k' had been introduced, which are defined by 


t = -/{(.^|(,(7', )|/.,r)} 

r = -^{t2Ck,(7’.)kL). 

The orbital reduction factors appear because 
of the more general character of the TyiT,) 
operator compared with L^. Their difference 
from 1 expresses the fact that covalent bonding 
has been taken into account. 

Performing the transformation of the basis 
functions given in Ref. [5] we get the follow- 
ing matrices of the tensor operator T, + 25j 
with the help of (4): 
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By iisinj! these m;itriees (5) and the t'unclions 
(1) the matrix elements (3l may easily be 
round: 

- cos 2a - k eos- a 

k~\ . , ii . ^ 

■=- eo,s-o t 24 y ^ sin 2(r ■ sin-(( 

(l«(-t)3i/2-)-2.S',llj7;)3) 

--(lH(7-:)l|7', + 2.V,ll'H(-t)l) 

(M7:)4|7, r2.S,|U( 7-:)4) 

- ■ (Ik( 7-,') 2 1 7, I 2.V..|l,(-7-;)2> 

all non-diagonal elements being zero. In this 
paper all g-faelors are ealculaled as the 
positive distances of the energy levels split 
by the magnetic field. We therefore have 

g,, ( I „ ( 7f) ) ^ - 2 cos 2o -t- 4 1 1 4 cos 2« ) , 


of powers of e. from (2) we find up to e-: 

sin 2« - V()€. cos 2o: '—14 .3e\ 
sin'-o ■■■ I — if-. cos7» -- If- (7) 
and therefore we finally get 

,t',,(l,(7f)) -2-,3(2-4)e- 
,er,(M7-;))--2-K4'e- (244)64 (8) 

These g-factors had been given by De Wit [2] 
in linear approximation only. Similarly we 
calculate the g-factors of the T„(-7al level. 
I rom ( I ) and (5) we find 

(l,(7,)l|7',4 2.S4|l„C^7,)l) 

= — eos 2« — 4 sin- a 

(I„(%)2|7-,422.',|Th(T,)2) 

4-1 , ,, - /2,, . , 

= — ^sin-(i(-cos-«-2 J-4 sin 2« 

(ls(T,).3|7',42,V,|T„C^7-,)?) 


g,2(r„C-7;)) = —f~ ( I 4C0S 2a)4 1 
8A' 

-cos2o ;-sin 2«. (6) 

Vfi 


To simplify the formulas we expand in terms 


--(rHC^7,)l|7;-42.S',|T«(7,))) 

(T„CT.,)41'7,42.V,,|T„(-r,)4) 

= -(T«( ^74) 21744 25-1 T«C^7,)2> 

all non-diagonal matrix elements being zero. 
The g-factors are therefore 
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^'.i(r„C'‘7’2)) =-2cos2a-<:(l -cos 2a) 

^JVA'T,})=^^(i-co^ 2tt) + l 
Ri:' 

+ COS 2a + ;^ sin 2a (9) 

or with the approximations (7): 

A-,,(l;(•^r,)) = 2(l-^)-3(2-A)f^ 
^,,{\\{-T,)) = 'i(]-k) + U'€+[2 + k)€\ 

( 10 ) 


parameters. To simplify the calculation we 
assume the magnetic field to have the direction 


H = W 


sin 0 sin 0 

Vi ’ Vi 


, cos 0 


where # is an angle in the (110) plane, cos 0 = 
I, 1/V3, 0 correspond to directions [00 1], 
[111] and f 1 10] respectively. We define 


sin 0 



J_ 

hi- 


o' 1 

The c'-fai^lor of the two dimensional ground 4 ^ * *■* 

level r,( - V .) is found from the matrix elements 




and calculate with the tensor operator 


= -{i\{n,)2\r,+2s,\\\rr,)2) 


r = u-[T, + 2S,.+ 7'„ + 25„ + ,x(7-, + 2i\)] 


2A-+ 1 
.3 

(non-diagonal elements are zero) where (I) 
and (5) have been used. From this wc find 
without any approximation: 

K:{\\cn,)) = i{2k+\) (II) 

which had already been given by De Wit [2]. 

If a Cu-* ion with a d” configuration is 
placed in an octahedral crystal field we have 
simply to replace l)q by its negative value. 
In this ca.sc the .e-factors (8) and (10) are 
given by changing the sign of the terms 
proportional to A'e and interpreting e as 


(13) 

with Tj - 7'„(7|), 7„= TelTi). The matrix 
elements of the tensor operators may again 
be found by using the Wigner-Eckart theorem; 

(£>|TJty) = 0 . 

/O 0 0\ 

\o -i 0/ 

/-/V3 

({7,yi7Vi£y)) = k' 0 0 

\ 0 0 / 

<£>|Tj7y) = 0 . 


e 

IQDq+U . 

I he e-factoi (11) remains unaltered. 

3. ANGULAR DEPENDENCE OF THE ^-FACTORS 
IN A TETRAHEDRAL CRYSTAL FIELD 

The angular dependence of the Zeeman 
splitting of l „-levels had already been dis- 
cussed by Ayant et al.[l]. They gave, how- 
ever, no jij-factors in terms of crystal field 


(<T,y|7'j7,y')) = A 


/O 0 - A 


0 0 0 , 

\i 0 0/ 

/ 

((■r,yrM£y>) = k' /V3 -/ 

\ 0 0 / 


({]H,|2ViiM:)) = (‘J Jj). 
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If V II, l’. 

0 0 I 0 

0 0 0 I 

- ' 0 0 0 

0-1 0 0 


We first consider the ground level The matrix elements of the tensor operator 

T are with respect to ( I ): 


(i\mi ~T i',(T,)2^=(i-f/)^ 
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and the ^-factor is therefore independent of fi: with 

g{\\m) = uV^2-U2k + i) 

= H2k+\). 

Proceeding now to the l’« levels we find the 
following matrix of the operator T: 


X=^fj(A^ + B^) + a+2D'^ + E^ 

Y = ~(A^-B^y 

+ fi^[2D^lA-B)^+ (A^-B'^)(a-£‘)] 
+ (0-E^)'^ + ADHC-EV . 


{T) = n- 


j-gA 
0 

1-OC 

\(1+/)/) 


0 


(1+/)C (1-/)/-)'^ 

-HB {\-i)D {\ + i)E 

{\ + i)l) tiA 0 

(\-i)E 0 iiB j 


with the abbreviations: 

forr«(^£): 

A = — cos 2a + k cos^ a 
B = -^-^cos'* « + sin^u— sin 2a 

3 Vb 

2k' 


C - sin-u — T- sin 2a 

Vb 


D = 


\-k 

\f2 


cos"« 






sin 2a 


andforl'n(^72); 


A = cos 2a + k sin- a 
B ^ sin'^ a + cos'" a + ~r sin 2a 

3 ^ Vb 

C = cos^aT-^ sin 2a 

Vb 

n - > - ^ , k' . , 

L* 7- stn^a +-7- sin 2a 

\ 3 V2 

2 k' 

E = ij^{k — 1 ) sin’' a + cos- « 3 — psinlo. 





The evaluation of the x'-faclors in terms of 
€, k and k' can now be done by using the 
approximations (7). Neglecting terms propor- 
tional to and higher we find in caseof I 

A’-^[l-4A'e-f (8A'2-4 + A)e2] (lb) 


P = ^4A'V(4-3A(/») 


2 4A' 

E = ~{k - I) cos^o-t-sin-'o-F— r sin2a 

3 Vb 


;(]_(l^ + 4r)e) 


and incascof I 


^{\~ky^-t-^{\-k)k'e 




-I- 

9 3 


-ky^- 2 {\-k)k'€ 


tc3 I 

-((l-A)(S-2A)-t-9r-)€'[ 

+ \((>) ■e\2{\-k)k' + (\-k + %"^)t] 


I he g-tactors of the ! « levels are the differ- 
ences of the eigenvalues of the 7'-matrix (14) 
and we find: 

L’, = 2uV^+ VF. g, = 2uVx^VY (15) 


with 


A((t) = sin“ 2(1 + sin* (L 


07) 


( 18 ) 
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In the approximation used, //'A" is indepen- 
dent of 0. but ^'|( I n(-t’) ) and I have 
an angular dependence which is of the same 
order of magnitude as the difference between 
them. If the magnetic field is in [ 1 1 1 1 direc- 
tion, we have ,\ = 1 and we find from (15) 
and (16): .e,( I „(-£))=- ,c',( i;( -/f)). .so that 
in this case the I «(-£) quartet is split in two 
levels only. The difference of the two g- 
fuctors of the ! „( '^£) level has a maximum for 
A((() ~0 or (( — (), that is it the magnetic 
field is in [001 1 direction. 

We consider now the l'ul%) quiirtcl. The 
angular dependence of the ,c'-t'actors depends 
here on the numerical values of the para- 
meters. The variation of the ,e-faciors with 
h might or might not be small compared with 
the difference between the two g-factors. 

for both l„ quartets we cun say that if 
the two g-factors are equal, that means if 
they are split in two levels only, then this 
splitting is independent of 0. If the /eeinan 
splitting IS independeni ofd, then the I'.J-/:) 
quartet is split m two levels only 

4. #-KA( 'IORS OK A </’ rONKItaiRATION IN A 
TRKJONAI.I.Y DfSTORTKl) TKIRAHKDRAL 
CRYSTAI. KIKI.I) 

In a trigonally distorted tetrahedral crystal 
field a (/’ configuration h;is five doublets 
with energies [,s I : 

£(i4r-,(d:)) - 6ih/ In 

£(r.ilV,('^d))=---4/)q + it + A' 


/:(l',i(-7'2)g)=-4T)q-^ 

where index g denotes the ground state and 
where 

<s \0Dq, 

have been assumed. I o find the corresponding 
eigenfunctions we have to perform the transi- 
tion d' rP and to introduce the approxima- 
tions into the wave functions given in Ref. 
|5]. The eigenfunctions of the I’., I', Kramers 
doublets may easily be found by an unitary 
transformation of the basis functions, given 
in Ret. |.5J, with w'hich the energy matrices 
arc defined. We find: 

Il'il'.-.C'P) I) = eose |//d) 

-sin€(cos/3|.rd) 

-sin)a(x_-i)) 

irir',(^/:)2) = coseju —\) 

-- sine(sin/3|.lr^ .[) 

+ cos li I .r.. - 1) ) 

ll'il’sldj) 1) = -sine |« J) ( 19 j 
-costlcos^eix, 
-sinj8|x_~|)) 

)l .|l r,f “7'2)2) = — sinejic. — 

-cos€(sin)3lx J) 

+ COS)3|A---i)) 


1 

\QDq 


U-2Ar) 


cos(8 
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sin/8 = 




cos Ze = • 


\0Dq~U-{DI2)-K 




2(2K'-('V + 4e^ 


[{mDq-U-{DI2)-Ky^ + 2(2K'-rV + 4e‘ 


T he calculation ol' the functions of the three 
r,; doublets is a little more difficult, since we 
have to find the unitary matrix for the principal- 
axis transformation of the 3 x 3 energy matrix 
of the I',; levels. T o simplify the calculation we 
take advantage of the fact that the I'fiC'/:) 
level is far above the other two I',, levels and 
that the non-diagonal elements are small 
compared with the diagonal elements of the 
energy. We first apply an unitary Iransforma- 
lion which diagonali/cs the matrix of the two 
rii(-’7 .) doublcls; 


Wq+ - a h 


‘I Ai 0 

h (I K., : r„(-72).c 


withA, .If-A’ 


k.=^~4nq-^ 

a = cosS 




h = sin5 


V 2 A' + ~f') cosfi 


and Ihe tiansformed functions i 


cos 81 .v,|t)T-sin 8 |.Vf-J) 
-sin8|.Vo.J} -t-cos8|.f, - i) 

\»A) . 

cos8|x„- J) -f sin8lx- 2 ) 
.-.sin8|a:„-T) -l-co,s8j.r ■{) 


sin 28 = - 7 ==^^===^ . 

VUf-3A)--)-2^2 


V(if-3A)---h2^''' 

Before going further it must be pointed out 
that the method to calculate the energy levels 
and .g-factors is an expansion of all quantities 
in terms of powers of the small numbers 

m)q \[)l)q-^ ■ ^ 

As far as the g-factors are concerned we 
restrict ourselves to the linear approximation 
and neglect quadratic terms and higher. 
Following this concept we diagonali/e the 
matrices 


W>t/ + T" 


separately and use the resulting functions as 
approximations of the exact eigenfunctions. 
A proof of this method to diagonali/e a 
3 X 3-matrix is given in the appendix. We 
further note that the matrix clement h docs 
not alter the eigenvalues and gives only 
quadratic terms to eigenfunctions and g- 
values. It may therefore he negiccicd. 

We then find the following eigenfunctions; 

\\\{^:)\) = cosy\iK-\} 

+ sin -y [cos 8 1 1,,.!) 

+ sinSj.v, -|>J 
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||-„(^£-)2) = cos7|« i) 

+ siny fa)s6|.v„-J) 

-+ sinSj4-J) ) 

- -sinyli/.-l) 

H cos y ( COS 8 [ .V|| I ) 

+ sin8|.v* - i) I 

|1',,{^7',)2) - -siny|/^ {) 

t cosy [cos8|a,i — 1) 

+ sin 8 j -V i ) ] 

),<,'!) ■ - sin8i Hcos8|i,-l> 

ll',,(-7.);>2) -sin8|.Vu -1) -K'OsSl-V 1) 

( 20 ) 


To find the ^;-factors with magnetic field 
parallel or perpendicular to the trigonal axis 
we have to calculate the matrices of the 
operators T. + 2S^ and Tj. + 2S^ respectively 
with the eigenfunctions of the energy levels. 
We remember that the trigonal axis is the 
r-axis and find: 

I, - T„„ ( r, ) . 7;, = ^ ( 7„ ^ ( r, ) - t„ ( t, ) ) 

where the ba,sis functions a, . a^, «,> of ir- 
reducible representation 7, are defined in 
Ref. [5], The matrices of the 7'-operators 
with these functions may be found by using 
the Wigner-Hckart theorem. The Clebsch- 
Ciordon coefficients have been given by 
lanabe and Kamimura|6]. We find the 
following matrices; 


with 

2ti ^ 

‘ V(lo/)(/- \(+{l)l2) I £■)- t 4u- 

10/)f/ ) (/)/2) t £■)-’ I 4u- 

I'xpanding (he tiigoiioinelric funclions in 
power senes up lo lineai (erms only we gel: 


(£y|7-,|7-y') = (). 

/- I 0 OX 
\ 0 0 0 / 

((7,yl7,l7;y'))=rV2( 0 l]. 


cos fi ~ 




cos 2€ ' I 


cos 26 ' 


I 16 £ 


cos 2y “ 1 



and the orbital reduction factors arc defined 
by 

k |/,(7',)jnA,). 

A = ~ (nay I (;( 7 1 ) ] cu , ) . 


sin2<*v'iji~ 

sin2y = (2 co.s8 \'2sin8). 


( 21 ) 


It must be remembered that orbital reduction 
factors A'|,. A, and A||. k[ can be defined in 
general. In this paper, however, we neglect 
the anisotropy of the spin orbit coupling para- 
meters and orbital reduction factors. The 
matrices of the operator 7^ -)- 25* in the 
product spaces are: 
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-\~k 


-\+k 


k4) /-k'Vl 


0 \x,-i} 

k-i> 

\x--i} 

1 / \x,A} 

-1/ k-i)' 


-k'Vi 0 
k'Vl 


1«4> \n+-i) \nA) \n^-i) 

h 0 

-1 

1 

0 -1 / 


The ^'ii-faclors, with magnetic field parallel If the magnetic field is perpendicular to the 
to the trigonal axis, may now be found by trigonal axis, we use the following matrices; 
using the eigenfunctions (19) and (20) with 


approximations (21) and the matrices of 
7, + 2S, (22).We find: 

„,ri' 4l<'r .^k'K' 

^iidiiat)) 2 IQ/, ^+100^ 


A’i,(r,rr,('V',)) = 2(i-A') + 


g|,(r„(7d) = 2- 


4k'(' WK' 


WDq \0Dq 


{Ey\T,\Ey')=(). 


«T,ylr,ir,y'>)=;^ 0 0 1 
^‘■\\ 1 0 


((r.,ylrj£y')) = *'|-l 01. 




gH(r„(“7',)),')=|(2A + l)-~(2 + A)y. 


The matrices of the operator Tj. + 2S^ in 
the product spaces are: 






I(M)6 
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The -factois, with magnetic field perpendi- 
cular to the trigonal axis, may now be found 
by using the eigenfunctions ( 19) and (20) with 
approximations (21) and the matrices of 
7', -t-2.S, (24).Welind. 


,e (I'.IM'-/:')) -.e,(l',IV,(-7,)) -0 
,e d I'J '/•:)) -4rf/U)/7t/ 

Ad(l'„(-/.))--3(l-A)-^(2^4)-^- + ^ 


g (('„(-/, I.e) --^(2A f I) I J(2-bA)y. (25) 

I he , e-factors of l',i(-7,)e and r|I -,("7f) have 
already been given by Diet/ ct (//.(l|. with 
s(>me but not all quadiatic terms included, 
fhe e, -values of the two 1',!’:, Kiamers- 
doublets are zero without any approximation. 
I'herefore the measuiement of these g-valucs 
may be used to check the whole treatment of 
the linear /eeman effect by crystal held 
theory, 

If more precise ,e-v;tlue,s are desired one 
has to evaluate the eigenfunctions of the 
l',i energy levels m a higher approximation 
and then lake quadratic terms into account. 
It must be remembered, however, that several 
other approximations had been introduced 
which might aflect the ,c'-values as well: the 
anisotropy of i' . k. k' had been neglected 
and the parameter had been set equal to 
zero. But in principle (he g-values might be 
calculated to any accuracy with the method 
used here. 

We remark that the parameters which des- 
cribe the trigonal crystal field /). K, K' may 
be positive or negative. I hey are defined in 
Ref. 1.51 so as to produce positive values for 
ZnOiCu'^ (the definition in Ref. 1 1) is differ- 
ent by a factor — I for A and A'), fherefore 
the t?-factors depend on the order of the 
energy levels in the energy level diagrarnf.^I. 

The angular dependence of the c-factors 
can be investigated with the additional 
operator 


7 „ + 2A; with 7 „ = ( 7 „, ( 7, ) + 7„_ ( r, ) ) . 

If we introduce spherical polar coordinates 
with polar axis in direction of the trigonal 
axis we have 


,c’'(ff ) = jtV f) + gj ^ sin- f) 

where $ is the angle between the direction of 
the magnetic field vector and the trigonal 
axis. I his has already been given by Dietz 
el u/.lU and various other authors. Using 
the method of this paper Heinze[81 has proved 
this formula. 

In case of a Cu^'* ion. with a configura- 
tion. in a trigonally distorted octahedral 
crystal field the same g-factors (2.U and (25) 
result if Dq is replaced by its negative value. 
The formula of g^(r„(“£^) ) of (25), however, 
remains unchanged, since we calculate 
factors here as positive numbers only. 

5. g-I ACTORS OK A (/''-('()M.|(iilRA I'lON IN A 
rKTHAfJONAD.V DISIORTEl) TKTKAHKDRAt. 

(:ry.stai. kiei.i) 

In a tetragonally distorted tetrahedral 
crystal field, with symmetry group IX^i- a d" 
configuration has five doublets with energies: 

|5| 


t'(l\(T:))=b/7i/-77T^ 

where index denotes the ground state and 
where 


= = < 10Z7c/. 
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e; = 0, f « D « f 

have been assumed. Using again the approxi- 
mations given in the appendix and restricting 
to first power of the small quantities 

_J ^ F D 

lODq " \()Dq ’ ^ f 

we find the following eigenfunctions of the 
energy levels 


|ro(T 2 ) 2 ) =-siny «^^-l-;^cosy 


+ :^cosy 7)- 


|l\(*r,)l)=-/sin/? 

- cos cos « 


|1’«C^£)1> 


= cosy M-^^ + ^siny 


-~7-siny T(~ 


;^Mna f- 

V2 ^ 2/ 

, / . 1 ' 
-t"-7= sma 71 - 

Vi 'll 


1 ',,(••=£) 2) -cosy «^^+^siny 


l|',(%)2) =~i sinji r- 


+ 77 ?siny 


=COS^ 0-:^ 




+ (sin/3 cosa^-^^ 
-^Mn«|^^) + ^sina|7,^)] 
|r7(Vi)2> = cosjS 

. . r i\ 

+ / sin /3 - cos « ^ 2 ) 


-cosjS -cosoU:^ 
I 


' • . 1 
— 7 --sina f-- 
V2 7 


• —7- sin o T) — 

Vl 7 


IlM'T'slgl) =-isina C"!/ 
— ^^cosa f- 

V 2 ^ 2 


' >\ 

7;cosa T,-^ 


--7=^sina f- — 
V2 2 


-^sin« 7 ,-^) 


1) — siny « — ^ 


|r7(’‘7'2)g2) -isinuK;^) 


-^cosar 


, I 

T — F cosa 7] 
V2 


+:^cos7 fi) 


I '1 




Sin fc-tt ““ 7 ~T* — ^ ^ ( 1 "f" 

V(I^3F)2-f2f- 3 V 3^ 

, U~W 1 16F 

cos 2a = - . — == 


V'(i^-3F)H2^-' 3 
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si -^'(2cosa+ V2sina) 

^ V(10D^-if +V-D)='+f'H2cosa+ V^sintt)^ lOD^ 

= \mq-U + F-D j 

“ ^ Vi 1 00<r47+ f ' - /))■'' '^(2 cos a + V2 sin a ) 

s- ■> - ^ 

\/{W)q~iiF D-Py-K^'^ lODq 

, mq~i( + D-F 

cos 2v - =- 1 . 

\/{mq~U + D-FyFf>^'-^ 


( he c'-laclorsft und,i,'i magnetic field 
parallel and peipendicular to the tetragonal 
(It r-axis respectively are calculated (roni 
the matrices of the tensor operators 7', + 25, 
wilh and 7 , ( 2.S,, with 7'j - 

7„(7~,). 

(7;V|7,|7-.y')-0, 

^{T.y\^^T,y^))=-ik\ -1 0 0 
\ 0 0 0 / 

/() 0 \ 

{{T,y\I,\Fy’}) -lik'i 0 0 . 

\() 1 / 

((!Mj2.V,|iA7;)) 


(7:y! 7',, t /•:>')-(). 




0 0\ 

(('f'.v|7'.|7',y'))=rt 

r 

01 


\o 

-I 0/ 



f\^ 1\ 

((7-,y|7',|£y'>)=-, 

li'l 

0 0 



V 0 0/ 

(aM,l25,liM.:)) = (| 

) 1' 
0, 

) 


and the orbital reduction factors are defined 
by 

k'==-!^{i,i\ty{T,)\ev). 

As in the case of a trigonally distorted tetra- 
hedral crystal field we have neglected the 
anisotropy of the orbital reduction factors. 
I'hc matrices of the tensor operator T. ~ 2.V. 
therefore are: 


/I \ 

m 


ik ' 

l^-J> 

/ \ 

- ik 1 



~ik -1 

itl-i) 


\ ' i 

la) 


\ -1/ 

k-i) 

\ lik' / 


Ini) l«-i) li^i) k-i> (28) 


-1 


1 
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The matrices of the tensor operator Tj. + ISj- are: 


/' \ 

U4> 

l-ik'Vi -ik' \ 

1 

1 1^ ~i) 

-ik'Vy 

1 ik 

1 I’ll) 


1 ik 

h-i> 

i 


'la) 

\ / 

\ -ik 1 / 

i{-i> 



Iwi) |«-i) |t)i) 



Inserting (27) into (26) and calculating the 
matrices of the tensor operator T. + IS^ in 
the cigenspace of the energy levels we find 
with the help of (28); 


The angular dependence of the g -factors 
may be found by also using the tensor opera- 
tor Ta + 25|, with T|, = T(j(ri). Again the 
simple formula 




ft(r,('^e)) = 2-F 


Mil 

mq 


ft(r„{T,)) = 2(l-A) (30) 

ft(r:CT.))=|(l-^)-(2-FA)-|j-|^ 

,t'i,(r,(T,)^;)=|(2A+l)-(2 + ^)^| 


and we remark that a j^-value greater than two 
is expected for I'; (^£). 

If the magnetic field is perpendicular lo 
the tetragonal axis we find with the help of 
(29); 


ac(I'«C^E)) 

x',(1'7(^£)) 


lOD^ 

2-Mll 

lOD^ 


(31) 


„ (r (71- M i. 

(.’,(l’7('%)x')=j(l-2i() + (2-A)|y. 


0 ) = g/ cos'' U + Hi ^ sin" e 

results, where d is the angle between the direc- 
tion of the magnetic field and the tetragonal 
axis. 

The tetragonal crystal field parameters D 
and may be positive or negative and there- 
fore the g-factors of the doublets de- 

pend on whether the r,(-T,j) or the r(i(''7'2) is 
the lower one. 

In case of a Cu""' ion. with a c/" configura- 
tion, in a tetragonally distorted octahedral 
crystal field the same g-factors (30) and (31) 
result if Dq is replaced by its negative value. 
The formula ofc’^d'nlTj)) of(3l|. however, 
remains unchanged, since we here calculate 
g-factors as positive numbers only. 

AckiumU’dnemi'iil—XUe aulhor thanks Professor t. 
Broser for hi.s permanent interest in this work 
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API’ENDIX 

In this, section we give a proof of the method 
used to lind approximately the eigenvalues 
and eigenfunctions of a real and symmetric 
matrix of the form 


(<'1-4 1./) 


e, h 0 j w'llh eigcnfunctionsj j2) 
0 cj \|3) 


If we have 


I. << \ 


we can devek'p eigenvalues A, and eigenfunc- 
tions I A,) of .4 in a power series of these 
small c|uanlities and lind up to the second 
order 


«r , i-: 

a ■+ -■ -f 

(I ■ h a - c 


sin 2/3 = 


cos 2/8 = 




\/{(i-h)- + 4er 

a — b 

2t, 

V"(n-c)H4e2' 
u -c 


and we have simply diagonalised the two 
submatrices 




separately. To replace the trigonometric 
functions by power series we assume without 
loss of generality: c < b < u. 0 < e, . 0 < 
and lind up to the second order: 


€, , I er 

Sino--— T. COSQ'=l-r- 

a-h 2(u-r>r 


sin/3^— cos/3= 


|a,) - COSO cos/31 1) t sin«|2) 4 sin^|3) Introducing these approximations into the 
^ functions |A,) and calculating the matrix 

Aj — <A,|/I|a,) w'c find up to the second order; 

A, for diagonal elements and zero for non- 
jA.^) =^~sin«|l) 4-cosa|2) diagonal elements, except {A.2|/1A;|) which is 

,, small of second order. Another unitary 

A., = c transformation, however, which transforms 

this matrix element to zero, would not change 
l^;i) = - sin/3 1 1 ) +cs)s/3 1 3) the eigenvalues up to the second order. 
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ETUDE PAR RESONANCE ELECTRONIQUE DU 
TRITIUM ATOMIQUE FORME AU SEIN DE 
CRISTAUX DE FLUORURE DE LITHIUM IRRADIE 
AUX NEUTRONS 

MARIA T. tAUSA*, DENIS RAOLIX el CHRISTIANE TAUPIN 

l.aboratoire de Physique desSolidest Fatulte des Scicnees,9l-()rsay, Prance 

{Received June 1969) 

Resum6- 1, elude en RPP' de munocristaux de I,iF irradie aux neutrons a permis de mellre en evidence 
du tritium atomique en plusieurs sites cristailins dans la malriee. L’un deux a pu eire idenlifie comme 
le site mtcrstitiel i, J. L'lnterpreiation quantitative du speetre RPE oblenu dans ce cas exige que 
les ions fluor proches voisins soient repousses par I’lnsertion de rintcrsliliel d'environ 21) pour cent 
de lour distance uu centre de la maille. 

Abstruct-An F.PR investigation of neutron irradiated LiF single crystals shows that atomic tritium 
may be found m several sites of the lattice. One of them has been identified: it is the i. i, J interstitial 
site. Quantitative interpretation of this KPR spectrum needs the relaxation of the lattice. The nearest 
neighbour ions have to be pushed away from the interstitial site by 20 per cent of their distance 


Si on irradie aux neutron.s thermiques un 
monocrislal de l.iF contenant 7% de Li*, ia 
reaction nucleaire Li* (n.a) H’ produit au 
scin du cristal du tritium atomique (H*). Si 
la dose d'irradiation est .suffisamment devee 
ct si I'irradiation a cte faite a basse tempera- 
ture, on peui alors observer le spectre du 
tritium en resonance paramagnetique elec- 
Ironique (RPE). 

('e spectre a ete decrit par Dweek et ai[\]. 
ainsi que par Kazumata[2]; ces auteurs 
ont observe un doublet de deux raies simples 
sans structure. Nous avons observe des 
spectres analogues sur des echantillons 
irradies a 77°K et rechauffes a la temperature 
ambiante. Par contre, les spectres que nous 
avons obtenus avec des cristaux conserves 
et etudies a la temperature d'irradiation .sont 
tres differents de ceux qu'a observes 
Kazumata. Les raies sont larges et presentent 
une structure. Des conditions d’irradiation 


*Adrexse permanenle; Institdto dc Fisica. Barilochc, 
Argcnline. 

rt.aboratoire associd au C N.R.S. 


differentes (doses d'irradiation plus fortes, 
temperature reelle au cours de I'irradiation 
probablement plus basse) sont sans doute 
responsables de la presence de spectres 
nouveaux. 

I. C0NDIT10N.S EXPERIME.NTALES ET 
DESCRIPTION DES SPECTRES A TRITIUM 

Nous avons etudie des cristaux fournis par 
Harshaw. et irradies au Centre d'Etudes 
Nucleaires de Grenoble a 77°K, apres des 
recuits enlre 77 et bOlf’K. La dose d'irradia- 
tion etait de 1(F" neutrons par cmL Nous 
avons ainsi observe des spectres correspon- 
dani a des concentrations atomiques de I'ordre 
de 10 en H*. ce qui represente environ 
A du nombre total de noyaux de Tritium 
liberes par la reaction nucleaire; la plupart 
des noyaux H’ se trouvent donc'.sous forme 
non paramagnetique (ions ou molecules). 

Le spectre RPE obtenu evolue beaucoup 
au cours de recuits. II est simple pour des 
echantillons rechauffes au-dessus de la 
temperature ambiante: il comprend alors 
essentiellement un doublet de deux raies 
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hyperfines sans structure (Fig. 1(a)) qui 
correspond au spectre deja observefi, 21- 
Nous notons T"” (Irilium atomique)* ce 
spectre. Par centre pour des echantillons non 
rechauffes au-dessus de 77°K, le spectre 
obtenu est tres complique, divers centres 
sont simultanement presents, dont le centre 
F*. de Kanzig)41. II existe cependant toujours 
un doublet dont I'ecart hyperfin entre les 
deux raies et le facteur g .sont voi.sins de 
ceux du spectre T (Fig. 1(b)). Mais les 
deux raies sont larges et presentent une 
structure. Une de ces raies est repre.sentee 
sur la Fig. 2(a); c’esl la somme de cinq 
raies reperees par les letlres A, B. C, B. A. 
la raie C est tres dissytnetrique. 

I.a Fig. 1(c) represente le spectre obtenu 
avec un echantiilon rechaude I h. a la tent' 
pcrature amhiante. La comparaison entre les 
spectres 1(h) et 1(c) montre que la raie C a 
cru enormeinent. les raies A et B heaucoup 



"La notalion cjue nous utilisons pour les centres a 
Intium atumique e.sl une exlcnsion de cclle employee 
par Pick (3) pour les centres a Hydrogene atomique. 

H“ Hydrogene atomique en substitution dans le neseau. 
(centre U,). 

T“ Tritium atomique (site mal identifiel. 

H° Hydrogene atomique cn site inlerstitiel l.L ((centre 
U.,). 

U Tritium atomique en site interstitiel j, ), i. 




Fig I. .Spectre du l.iFirradicuux neutrons, (a) echantiilon 
rechaulTe longlemps it I'ambiante I.Specire observe a 
lempe-ialure ambiante). (bl echantiilon conserve a 77“K. 
(.Speetre obtenu it 77°K.i (c| Khanlillon reehauH'e I h ii 
rambianle. (Spectre obtenu a temperature umbiantc) l.es 
eeliellcs ne son! pas les memes dans les trois eas. 

diminue en intensite sans ,se deplacer en posi- 
tion; en meme temps la raie C est devenue 
plus etroite (de 20 a lOG) et sa dissymetrie 
a beaucoup diminue. La raie C est done 
due a la superposition de deux raies, qui ne 
sont pas centrees a la meme valeur du champ 
magnetique: une d'elles s’elimine aii cours des 
recuits, en meme temps que les raies A et B. 
l.'ensemble des raies A, B et de cette com- 
posanle de la raie C correspond a un centre 
stable a bassc temperature, que nous notons 
el que nous etudions dans la 4° partie. 
L'autre comptrsante de la raie C croit au 
cours des recuits et correspond au centre 
T" qu'on observe sur des echantillons 






ETUDE PAR RESONANCE ELECTRONIQUE 


1013 



A R 

B \ 





B / V 






2(d). 


ig 2 Raie du centre T” ccntree a 34900. (a) Rate 
‘-xpenmentale pour HJ/[I()01 (la raie R n'apparlicnt 
pas au centre T°). (b) Raie theorique pour H„//II(H)I 
(0 Raie experimentale pour H„ dans le plan 1100) 
laisant un angle de 10" avee 101 1] (d) Raie theorique 
pour dans le plan (lOOj et faisant un angle de 10" 
aveclOII], 


rechauffes. Ce spectre est etudie dans la 
troisieme partie. 

Nous en concluons que I'atome peut 
occuper plusieurs sites du reseau, la pro- 
babilite de sa presence sur ces sites dependant 
de la temperature de recuit. Cette evolution 
thermique est etudiee dans la deuxieme 
partie. 

2. EVOLUTION THERM1(}UE DU NOMBRE DE 
CENTRES ENTRE 100 ET 600°K 

Nous avons evalue les concentrations des 
centres T° et apres des recuits successifs 
de 10 min de 77 a 60(fK. Les resultats sont 
representes sur la Fig. 3. On constate que le 
centre TJ s’elimine entre 220-270°K au 
profit du centre T°. Ces resultats sont analo- 
gues a ceux publics par Hayes e/ a/.[5] 



Eig. .3 Evolution thermique du nomhre des centrev 
i; et r. 


pour les centres H° et H° a hydrogene dans 
KCl. bien que les temperatures d evolution 
que nous ayons observees soient plus elevees 
que celles observees par Hayes. II y a la un 
effet de masse (H"' au lieu de H'), et aussi un 
effet du au reseau de l.iF; les temperatures de 
diffusion des divers centres colorcs sont en 
effet plus elevees dans LiF que dans les autres 
halogenures aJcalins. 

Au-dessus de la temperature ambiante, on 
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ob.serve une legere remonlee du nombre dc 
centre, s T° vers47()°K: Dweck] 1] et Kazumata 
[2] ont .signale ce fail. Nou.s I'lnterpretons 
dans la Iroisieme panic, l.e centre T" s elimine 
au-dessus de .‘i()()°K. 

X ETUDF, DES CENTRES T' SI AUI.ES A 
TEMPERATURE AMBIANTE 

I 'hamillonicn d'un atomc ff soiimis a iin 
champ magnctiqiie extericiir H,, peul s'ecrire; 

^ ■f r+ (I) 

<fii esi la paiTie de I cncrgic independanie 
dll spin de relectron. 

( 2 ) 

est la partie de I'hamiltonien d'un atome libre 
H ’ dependante du spin. 

(3) 

If 

esi la panic dependanlc du spin qui represcnte 
I'inleraclion avec le icseau. Cumme rf^, 
predomine devant -f Ic speclre de resonance 
est forme de deux raics (/v = | spin du noyau 
H'*) dont la distance donne 
Nous avons mesure un I'acleur g 2-(K)4 
(calcule par la rormulc de Hreil-Kabi) et un 
couplage hyperfin u,, - 542,5 (i. 

Nous avons en outre constate que les deux 
composantes du doublet du spectre T” sont 
dissymetriques et de largeui variable avec la 
temperature de recuit; cetle largeur decroit 
d’environ 20 G a 77°K a I (i a bOO'^K. I.a 
dissy metric diminue au cours de ces recuits 
et les raics deviennent gaussiennes a haute 
temperature. Nous en concluons que la 
raie est complexe et pent s'analyser en deux 
raies de largeurs differentes: une raie de 15-20 
G et une autre de 1 G environ. Dweck el al. 
[I I avaient deja signale I'existena' de raies 
larges sous les raies etroites pour des ob.serva- 
tions a 80°K. Au cours des recuits la raie 
large s’elimine au profit de la raie etroile. 
Rappelons ici un des resultats exposes 


dans la deuxieme partie: le nombre de 
centres T° presente un faible maximum 
vers 470°K; la presence d’un tel maximum 
est difficile a expliquer si Ton n’admet 
pas qu'il existe plusieurs centres T. En 
effct Ic nombre de centres T° a ete calcule 
en utilisant la formule Na AHp„ xh, ou h est 
la hauteur de raie et la largeur pic a pic. 
Nous avons mesure A//p,. apres chaque recuit; 
mais si une raie complexe est la superposition 
de deux raies de largeurs differentes, la raie 
large etanl moins intense que la raie etroite, 
cetle mcthode sous estime le nombre total 
de centres, en negligeant la contribution 
provenant des ailes de la raie large. La remon- 
tec du nombre de centres observee a 47()°K 
ne traduit done pas une augmentation du 
nombre total de centres, mais I'elimination 
des centres donnant une raie large au profit 
de ceux qui donnent une raie etioite. 

Tous ces fails nous conduisent a conclure 
que deux sites cristallins au moins sont 
occupes par les atonies dc H'' au-dessus de 
la temperature ambiante. Aucune structure 
n’ayant ete observee sur ces raies. la methode 
de RPE ne nous permet pas d'avancer plus 
avant dans I'identilication de ces centres. 
Nous pouvons seulcment remarquer que 
apres des recuits a haute temperature, la 
raie Ires etroite indique que les atomes de 
If* se placent dans des sites cristallins tres 
peu couples au reseau. 

4. ETUDE DU UEIVTRE T; STABI.E A BASSE 
TEMPERATURE 

(a) Resultuts experimentaia 

Comme nous I'avons signale, les raies du 
doublet obtenu avec un echantillon conserve 
a 77°K et etudie sans avoir ete rechauffe 
sont complexes. Elies resultent de la super- 
position de la raie des centres T (en partie 
responsable de la raie C) et de celles des 
centres T? dont le spectre comprend les 
raies A, B et en partie la raie C. La forme de 
la raie complexe obtenue depend de Torienla- 
tion du champ magnetique par rapport au 
cristal. Le spectre represente sur la Fig. 
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2(a) a etc obtenu avec le champ magnetique 
directeur oriente suivant la direction [100] du 
cristal. C’est dans cette orientation que les 
raies A et B sont les mieux resolues. 

(b) Reconstitution theorique du spectre 
Tous les resultats experimentaux ont pu 
etre interpretes et une reconstitution precise 
du spectre a ete possible en supposant que 
I'atome de H'' occupe une position inler- 
stitielle ] dans le reseau (cf. Fig. 4). 



Si I'on suppose que I'interaction hyperfine 
avec chacun dcs 8 ions proches voisins 
cst a symetrie axiale uutour de la direction 
1111] qui le relie a I'atome H et que le champ 
magnetique directeur est suffisammeni fort 
pour quantifier reellement les spins de 
I'dectron et des noyaux. I'equation d’lnlcrac- 
lion avec le reseau (3) s'ecrit: 

2 - X ( 3 cos^ d/it - 1 ) ) I„ S 

" (4) 

oil R designe les 8 ions proches voisins 

Tangle entre le champ magnetique 
directeur et la direclion[l 1 1 1 consideree. 

u„ et designent les couplages hyperlins 
isotropes (terme de Fermi) ct anisotropes 
Hermes dipolaires). 

11 n'y a done pas de couplage dipolaire 
si cos = 1/VT, e'est a dire si le champ 
magnetique est dirige suivant une direction 
1100] du cristal. C’est .done pour cette 
orientation que le spectre doit etre le mieux 
lesolu. On retrouve ainsi un resultat ex- 


perimental cite dans le paragraphe 4a. Dans 
ce cas. 

^2 = iarl,S+ia.lS. (5) 

I I 

Nous avons etudie le centre T° dans des 
cristaux de LiF ordinaire (7% de Li*) et de 
LiF dope a 90% de Li*. Malgre la difference 
de spin (i pour LiL 1 pour Li*) et le grand 
rapport des moments magnetiques de Li^ 
et Li*, les spectres obienus sont tres sem- 
blables: celaprouvequeup > a,.,. La structure 
hyperfine observee est done due aux ions 
F" (raies A, B.C.B, A): I’interaction hyperfine 
avec les ions Li^ n'est pas resolue et contribue 
seulement a la largeur ct la forme des 5 
raies elementaires dont la somme reconstitue 
le spectre du centre 

Structure due aux ions F". Le spin total 
est 4xi= 2. II y a done .3 raies d'intensile 
respcctives 1 . 4. 6. 4. 1 . dont la distance est 

Ilf. 

Structure due aux ions Li'^. Chacune des 5 
raies est en fait la somme de 13 raies: car le 
spin total des ions Li ^ est 4 x [] = 6. d'intensite 
respectives 1.4. 10. 20, 3 1. 40. 44.40. 3 1 . 20. 
10.4. 1 el dont Tequidistanceestui.i 

La forme du spectre obtenu depend done 
des deux paramelres UtJay et S/ay (A est la 
largeur pic a pic des raies elementaires dues 
a I'interaction avec le lithium). Nous avons 
reconstitue les spectres experimentaux a Taide 
d'un ordinateur. Nous avons mesure plusieurs 
grandeurs (hauteurs el pentes relatives) 
relevees sur les raies experimentales A et 
B (relativement peu deformees par la presence 
du centre T°) et avons cherche les valeurs de 
auluf el A/«f qui donnent un bon accord avec 
ces mesures. 

En mesurant Tecart entre les sommets A 
et B nous avons irouve <if = 28G. Par 
reconstitution du spectre a la machine 
nous deduisons uu = 5.5 G et A = 1IG. 
Cette methode indirecte de mesure de Uu 
et A est en fait (res precise. Nous avons 
pu verifier que a,.i etait cerlainement superieur 
a 5 G et inferieur a 6G. Pour A la precision 
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esf plus faible: A est certainement superieur ie modele d’atome de dans un site 
a 8 G (les raies du lithium son! aior.s reso/ue.s) inferstitie/ i. i. i nous permet done d inter- 
Pt infpnViir 1 1 2 G Peeler avec un bon accord les spectres experi- 


Nou.s avons ensuite rcconsfilue la partie 
centrale du spectre experimental (raic C) 
en ajoutant pour la raie 'P une gaussienne de 
largeur pic a pic egalc a 20 G et donl Ie centre 
est decalc de 5 G par rapport au centre de 
la raie T'°, ce qui permet d evaluer Ie couplage 
avec Ie noyau de Tritium pour Ie centre 
T": .TS2 (j environ. 

I.a Fig. 2(b) represente la forme de raie 
ainsi obtenue que Ton peut comparer a la 
raie experimentale ( Fig. 2(a)). 

Ce modele a egalement permis de relrouver 
la variation des spectres experimentaux avec 
I’orientation du champ W,,. En effet pour une 
orientation de //„ dilfcTcnte de|100] les raies 
dues aux divers ions ne coincident plu.s et la 
structure devient moins nette; en particulier 
la raie centrale diminue eonsiderablement. 
I.a reconstitution des spectres obtenus pour 
les orientationsll 10] el (I 111 a permis de 
Irouvcr el hi,i=l,9G. (la pre- 

cision de CCS evaluations est moins bonne 
que pour les termes Up el Ui.,) I.a Fig. 2(c) 
represenle Ie spectre experimental pour 
Wo situc dans un plan (001) et faisant un 
angle de 10° avec la direction 1 1 10|: la Fig. 
2(d) reproduit le spectre theorique reconstruit 
pour cette meme orientation. 


mentaux. 

Ce centre T° est tout a fait analogue au 
centre Fl° observe dans de nombreux halo- 
genures alcalins. Nous avons compare nos 
resultats experimentaux avec ceux publics 
par divers auteurs pour les centres Fl° et cites 
par Lehnert et Spaeth [6|. 

Comme Font observe Lehnert et Spaeth 
|61, le rapport des densites de spin sur un 
anion et un cation proches voisins croit 
avec le rapport des rayons ioniques tandis 
que decroit la densite de spins sur le noyau 
du centre. Nos resultats sont compatibles 
avec cette observation. Nous voulons aussi 
signaler que, a la difference des centres 
H° precedemment etudies la densite de spins 
de I'clectron du centre T° sur son propre 
noyau de est plus forte que celle de 
I’electron de I'alome libre. 

5. CAI,CIII..S THEORIQDES 

Pour diverses raisons, notamment la faible 
difference des densites de spins sur le proton 
dans les centres Fl° et dans I’atome libre. le 
modde utilise generalement pour le calcul 
des centres Flj admet que I’etat fondamental 
de I’electron est essenticllement I’etat 
fondamental |ls> de I'atome libre. Dans ce 


Tableau I . He'su/fats experimentaux pour les centres //° et le centre T° dans LiF 



Silc 

cristallin 

KBr(7) 

Na('l(7) 

KCI(8) 

RbCI(6) 

IT Lit- 

Alome 

libre 

IJensite de 

Noyau 

.lOl.-SX 10 > 

.104,8 X 10-^ 

.108.4 X 10 » 

.1I0.8X 10 ‘ 

.324 X 10 = 

3 17.8 X 10 = 

spins (en 

Anion 

I14X 10 ' 

106 X to •> 

54.15X 10^ 

39,5 X 10-' 

18,65 X 10 = 


u a) 

C'alion 

* 70x 10 ' 

4 X 10 ’ 

4.714 X to ' 

I2.44X 10 = 

8,87 X 10 ■' 


Rapport des 
densilcs de 

Anion/ 

Cation 

^ 2 

-• 30 

11,5 

3.18 

2,1 


spins 

Kapport des 
rayons io- 

Anion/ 

Cation 

1.47 

1.85 

1.16 

1,22 

1,185' 


niques 

Paramelre du 

rcscau 


6,58 

5.64 

6,28 

6,55 

4,02 



'Rayons ioniques mesures par rayons X dans I.if- (9|. 
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modde la presence du reseau ne joue que 
par I’intermediaire du principe de Pauli; la 
partie spatiale de la fonction d'onde de 
I’electron supplemenlaire introduit dans le 
reseau doil etre orthogonale a celles des 
electrons des ions proches voisins, ceci 
melange a la fonction hydrogene unc certaine 
proportion des fonctions d’onde des electrons 
des ions. L'anion ayant une taille superieure 
a celle du cation, les recouvrements de ses 
orbitales avec I’orbitale de I’atome d’hydrogene 
sont superieurs a ceux des orbitales cation- 
iques et la proportion de fonctions d’onde 
des anions proches voisins melangee a celle 
de I’hydrogene sera plus importante que 
celle des cations. La partie s des fonctions 
d’onde d’un ion produisant la densite de spin 
sur le site correspondant, on retrouve ainsi 
I’influence du rapport des rayons ioniques 
de l’anion et du cation [6]. Un modde de ce 
type a ete applique par de nombreux auteurs; 
tenant compte notamment des calculs de 
Spaeth [8], nous avons pour notre part ortho- 
gonalise entre elles les fonctions d’onde 
des electrons des ions avanl de les ortho- 
gonaliser avec la fonction d’onde de I’inter- 
stitiel hydrogene. Les calculs d’integrales de 
recouviement ont ete fails en suivant la 
methode exposee par Ldwdin(l01 et en 
utilisant les fonctions d’onde donnees par 
Morse fta/.[ll]. 

Nous avons obtenu les resultats portes dans 
la deuxieme colonne du Tableau 2, la premiere 
colonne rappellant les resultats experimen- 
taux. 

Tableau 2. 77 dans UF 

Calcule sans C'alcule avec 20% 
Experimental relaxation de relaxation 
(U) (G) (G) 

Un = 552 On ~ 654,4 On = 576,6 

Of =28 a,= 89.3 a, = 28,2 

III. I ~ 5 J a,,t - 17.9 a,, I = 4.9 


Nous avons obtenu par Je calcul des valeurs 
qui sont toutes tres superieures aux resultats 
experimentaux. Tous les auteurs cites qui ont 


utilise des modeles de ce type pour calculer 
les centres H“ ont obtenu des valeurs trop 
fortes pour a^ mais toujours trop faibles pour 
le coupJage avec les ions halogcnes. I) semble 
done que le cas du LiF soit original; il faut 
admettre que les distances joignanl le site 
interstitiel J, i. i aux 8 ions proches voisins 
doivenl etre augmentees, I’atome inter- 
stitiei repoussant les voisins. Cette supposi- 
tion esl confirmee par des considerations 
geometriques. En efltet si, en site inters- 
titiel, I’atome H dispose d’un rayon de 0,9 A 
pour se loger dans KCl, il ne dispose plus que 
de 0,65 A dans le LiF, ce qui est tres in- 
suffisant pour un atome d’hydrogene de rayon 
voisin de 1 A. II est done raisonnablede suppo- 
ser qu’il repousse ses voisins les plus proches. 

Nous avons done suppose de la fagon la 
plus simple, que les 4 ions F‘ el les 4 ions 
Li* plus proches voisins etaient egalement 
repou.ssfo dans les directions (111). 

Pour un deplacement de 20 pour cent par 
rapport a la valeur normale de ,1 ,48 A nous 
avons obtenu les valeurs portees dans la 
troisieme colonne du tableau M. 

L’accord est alors bon avec les resultats 
experimentaux. 

La valeur un peu faible du couplage avec 
les ions Li' pourrait vouloir dire que les 
ions Li* sont un peu moins repousses que 
les ions H . ce qui serait logique. mais il 
nous semble difficile d’apprecier reellemenl 
cette difference au seui vu des mesures RPE. 

En ce qui concerne le couplage hyperfin 
avec le noyau central. I'accord est bien meil- 
leur que pour les aulres halogenures alcalins. 
En effet le LiF est le seuI halogenure alcalin 
pour lequel la valeur experimentale de ce 
couplage esl superieure a celle de I’atome 
fibre; or I’orthagonalisation provoque tou- 
jours un accroissement de la den.site de spin 
surle noyau central. 

6. CONCLUSIONS 

Nous avons pu mettre en evidence plus- 
ieurs sites possibles pour un atome de 
dans un monocristal de LiF. 
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A basse temperature, le tritium occupe 
des sites interstitiels 1, 1. ' pour lesquels 
I’eleetron est relativement hien couple an 
reseau. II diffuse cnsuile au cours des 
recuits vers des positions plus stables (centres 
T°) poui Icsquclles Ic couplage avec le reseau 
est de moins cn moins Fort. II semble qu’il 
existe au moins deux de ccs positions, qui 
correspondent ii des largeurs de raies bien 
differentes (2{Ki contrc 10). Mais il ne 
nous a pas etc possible d'ldentifier de Faeon 
precise ces sites, les raies ohtenues alors nc 
presentant pas de structure nctte. 

l.e spectre correspondant au site inter- 
stiticl par contre a pu etre analyse et les 
caracteristiqucs des couplages hyperfins avec 
les ions du resetiu ont pu etre etileulees 
par lilt niodele de Fonction d'onde orlhc'- 
gonalrsec au,\ ions du reseau ii condition de 
supposei que les 8 ions proches voisins soient 
repousses d'environ 20 pour cent de la dis- 
tance normale. dans les directions (III). 
I. 'accord avec les valeurs expcrimentalcs 
est alors ties bon; meilletir que dans les cal- 
culs du meme type publies par divers auteurs 
pour d'atitres halogenures alcalins. l .e modele 


Ires simple de fonction d’onde orthogonalisee 
semble done mieux representer la realite 
dans les autres halogenures alcalins. 

Kcmc/'cirmcno - NoJs (Miprimonsi noire ^latitude a 
Madame le Piole.sseur M l.amherl pour de nomhieuses 
el I'lutiuciises discussions. 

t.'iin de nous (M.T.C.). bcnefieiaire d'une bourse 
tolioi-Cune. reniereie le Comile etiarge de I'altribution 
deccs bouises 
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TIME DEPENDENT POLARISATION IN ALKALI 

HALIDES 

K. C. KAO,' W. WHITHAM and J. H. CALDKRW(X)D 
U nivcrsity of Salford, Salford. Hngland 

{Rei eiwdts Mart h 1969, m rrvisfd /arm 20 June 1969) 

Abstract - Measuremcnis were made on clectnc currents as a function of lime immediately after the 
application of rectangular voltage pulses of various durations in NaCI. KC'I, Nad + fa'' and NaCl 
t-Ba'^' at temperatures between 100 and 3.S0“('. The rate of current decay immediately after the 
application of the held is identical with that immediately after the removal of the licid and this pheno- 
menon is independent of the mark/spacc ratio of the pulses Analysis of the observed results indicates 
that this type of polarisation is intimately assiKiatcd with the presence of dislocations and also inter- 
facial polarisation determined by internal boundancs within the crystal, t he observations do not 
support an interpretalion based either on the space charges built up near blocicing electrodes or on the 
orientation of divalent cation-vacancy complexes. 

1. INTRODUCTION tunately no definitive conclusions have been 

Determinations of the electrical conduc- reached although some interesting and valua- 
tivity of the alkali halides have been made ble observations were made. It would appear 
from time to lime since the end of the last that the underlying causes are not simple; 
century [II, An aspect of these measurements for instance, some mechanisms seem to pre- 
which has served to complicate their inter- dominate over others in different temperature 
pretation is that on application of a steady regions. Thus, in the region -SOT to room 
unidirectional field the current is observed to temperature, a polarisation current has been 
decay from some higher initial value to a lower observed which has been interpreted in terms 
steady-state value over a period of time. of the relaxation of divalent impurity-vacancy 

This current decay has given rise to debate complexesi41. f rom room temperature up to 
amongst the investigators as to whether the about 400T the polarisation seems to be 
initial or steady-state value of the current intimately connected with the presence of line 
should be used in conductivity determina- defectsl.l). 

tions. The choice between the two values has Above this temperature and up to the melt- 
hinged upon the opinion of the investigator in ing point the polarisation displays the charac- 
regard to the underlying causal mechanism teristics of space-charge polarisation due to 
giving rise to the effect. Thus those invest!- blocking electrode effects|5]. 
gators who favour the space-charge polarisa- Some investigators |6) have also sought to 
turn theory adopt the initial value of the distinguish between the effect of a blocking 
currentl2] whilst those who prefer the di- electrode and what is called 'interfacial polari- 
electric relaxation theory choose the steady- sation' arising from thin insulating surface 
state current as the appropriate value [.fj. layers adjacent to the electrode. It is not 
Over the last decade a number of experi- entirely clear how the one effect can be dis- 
ments have been reported which were aimed tinguished from the other since on the face of 
at establishing the cause of the effect. Unfor- it 'thin insulating surface layers' should give 
, rise to space charge polarisation. 

wiih Ihc Hlccrical Engineering Dcpanmeni. The purpose of this paper is to present 
University of Manitoba, Canada, further observations of the effect at moderate 

itut 
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leinperatures, including current observations 
in the time immediately following the applica- 
tion of the voltage, a region of time not pre- 
viously investigated. 

2. KXPKRIMKNTAI, 

Single crystals of sodium chloride and 
potasium chloride were grown by the Kyro- 
poulos technique in dry nitrogen atmosphere, 
after preliminary evacuation to 10^^ torn The 
laboratory crystal pulling apparatus utilised 
induction heating of the melt which was 
contained in a vitreous carbon crucible. In 
order to prepare doped specimens, divalent 
impurities were added to the melt in the form 
of barium chloride and calcium chloride. In 
all cases analar grade chemicals were used. 

.Some initial experiments were performed 
upon crystals obtained from Hilger and Watts 
I.td.. but the measurements on these did not 
differ significantly from the undoped home- 
grown specimens. 

Specimens were cleaved from the ingot to a 
thickness of approximately } mm. Each speci- 
men was then machined and polished as 
described in an earlier paper|7|. (iold. and in 
some cases, nickel electrodes were evapora- 
ted onto the specimen under a vacuum of 10 ® 
torr. No significant difference in the behaviour 


of the specimen could be attributed to the 
different electrode materials and so gold was 
used exclusively in the later stages of the 
experiment since some evidence of chemical 
attack of the nickel was apparent after subject- 
ing the specimen to temperatures over 500“C. 
The deposited metal electrodes proved to be 
very prone to scratching on insertion and 
removal from the electrode system and a 
coating of colloidal graphite over the metal 
served to increa.se its durability. 

The measuring circuit was as shown sche- 
matically in Fig. I. Care had to be exercised 
in balancing the bridge, and ensuring that the 
initial part of the observed current decay was 
due to a real effect in the crystal, undistorted 
by any transient created by slight bridge 
unbalance. Oscilloscope probes having a 
capacitance compensation facility and trim- 
ming potentiometers were used to obtain the 
final balance. The variable air capacitor was 
used to balance out the steady state capaci- 
tance in order to suppress the very short term 
charging and discharging currents and to 
exhibit the longer term ones. 

The electrode system, which held the speci- 
men in position by means of nichrome spring- 
loaded electrical contacts, was constructed 
out of a machinable ceramic. A local heater 



Fig. I. Measuring circuit. 
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was wound on this structure, which made it 
possible fo accurately control the temperature 
of the immediate crystal environment to 
±0-5°C. Electrical leads and thermocouple 
wires were brought out of either side of the 
electrode system which fitted comfortably 
into a horizontal silica tube furnace for the 
experiments. The end of this silica tube could 
be sealed to vacuum tightness and the tube 
was filled with pure argon gas during the 
measurements. The divalent ion concentra- 
tions in the doped specimens were determined 
by a colourimetric titration technique using a 
micro-pipette and a sensitive indicator which 
was titrated against ethylenediamine-tetra- 
acetic acid. 

The pulse generator provided a series of 
rectangular pulses of variable pulse duration, 
amplitude and frequency. Throughout the 
investigation the amplitude of the pulse used 
was 100 V with a rise time of 5 /xsec, and the 
thickness of the specimen was in the region 
ofO-2-0-5 mm. 

3 . RESULTS 

The lime required for the current to decay 
from the initial value, io, to the final steady 


value, immediately after the application of 
a rectangular pulse is practically equal to that 
for the reverse current to decay to zero imme- 
diately after the removal of the field; in other 
words, the shaded area of / — /, is congruent 
with the shaded area under the reverse current 
curve as shown in Fig. 2. This observation 
was unaffected by the variation of the mark/ 
space ratio of the pulses, and of the pulse 
duration provided that the duration of mark 
and space is long enough for the current to 
reach its steady value, and at temperatures 
between 100-350°C. There is no observ- 
able change in the current-time characteristics 
from pulse to pulse for a given temperature if 
the pulse-stressing time is not too long. It 
should be noted that prolonged pre-stressing 
with direct voltage did lower the steady value 
of the current at lower voltages and that at 
temperatures in the region of 400°C and above, 
the discharge curve exhibited a longer relaxa- 
tion than the charge curve. 

After a series of measurements from low to 
high temperatures, the steady conduction 
currents in a second series of similar measure- 
ments are lower than those in the first; and 
the higher the temperature to which the 
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Fig. 2. Variation of current and voltage with time. 
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.specimen is subjectecl, the more marked is 
(he suhsequenl lowerinj,’ of the steady 
conduction current nt lower lemperalures. A 
typical example of this phenomenon for NaCI 
i.s shown in Fip,. .1 

In conlrusl with the .steady stale conduction 
current, the inilial pohirisnlion currenl. 

does nol show a decrease in value 
aflet a senes of measurements from low to 
high temperatures, and sometimes, it even 
lends to increase. But the effect is erratic. 

I he total current can he resolved into a 
steady stale conduction current, i,, and a 
polaiisation cunenl. /,. as shown in Fig. 2. 

I he polarisation currenl does not obey any 


simple power law, but it may be appropriately 
expressed as the sum of two exponential 
terms 

exp f- t/r„ )+Bcxpt~ th,,) 

where t„ and r* are time constants, and /f 
and B are constants which depend on the 
material and vary from specimen to specimen 
of the .same material. 

The values of A and B are of the same 
order, and both increase with increasing 
temperature. Figure 4 shows the method used 
for analysing the polarisation current into 
two exponential terms for NaCI at 254T. 
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The time constants obey the Arrhenius-type 
equation 

~ = expi-eIkT) 

where Cl is the frequency factor and e is the 
activation energy of the reaction. Figures 5 
and 6 show the variation of the two time 
eonstanls with temperature, and from these 
eurves the activation energies are calculated 
and given in Table 1. It can be seen that the 
iw'o time constant.s give two different activa- 
hon energies implying that there may be two 
mechanisms responsible for the polarisation. 


Table l.Activafion energies 


( ly.Mal 

Aclivalion energy le\ ) 




NaCI 

113 

109 

0'7h 

KCI 

0'9V 

104 

080 

Nat'U (a-' 

100 

0-97 

0 7: 

Nad + Ba-' 

OW 

100 

0-79- 


It should be noted that as there are some 
divergencies from linear relationship between 
the plotted points, the straight lines drawn in 
Figs. 5 and 6 are clearly not unique. 

It is known that over the temperature 
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f 1(4 ? Reciprocal of lime constant vs. temperature for NaCI and KCI. 


range undei this invesligaiinn the sieady-slalc 
condtjclivily intreases wilh Icmpcrature ;i.s a 
re.sult of increases in carrier mobility and the 
number of charge carriers which arise from 
complex dissociation, f'he steady-state 
conduction current is given by 

/, = Yexp(-e,M/) 

where e, is the activation energy which is the 
sum of the activation energy for motion of a 
cation vacancy. e,„. and part of the binding 
energy of a divalent ion-vacancy complex, 
e^. €„ is of the order of 0-7-0'8eV and e,. 
is of the order of 0-2-0-5 eV. Values of e, 
given in Table I are in good agreement with 
the theoretical prediction. If is intere.sting 


to note that the values of e, are close to those 
of«„. 

7he introduction of divalent cations, such 
as Ca^'^ and Ba“. into the crystal increased 
both the polarisation and the steady state 
conduction currents. This implies that the 
polarisation is associated with vacancies. 

When the specimen was heated to about 
WT and then cooled rapidly to a lower 
temperature, say 200°C. the polarisation 
current was greatly increased. This implies 
that the polarisation is associated with dis- 
locations produced by thermal quenching. 

4. DISCUSSION 

As the superposition principle[,l] was 
obeyed below 400°C it is reasonable to ruh 
out space-charge accumulation at the elec 
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Fig. 6. Reciprocal of lime constant vs. temperature for NaCI+Ca^' and 
NaCI+Ba-’. 


trodcs as an explanation for the observed 
polarisation since the non-linearity of the 
differential equations involved in space- 
charge polarisation theory [8] indicates a 
failure of this principle. However, there were 
indications that the higher temperature 
measurements were beginning to reveal such 
a failure and thus some evidence for space- 
charge polarisation above 400°C was estab- 
lished. 

I he two different activation energies for 
the time constants describing the polarisation 
‘turrenf imply that there are two different 
polarisation mechanisms. In some specimens 
the analysis of the results indicated the 
presence of more than two exponential terms 
hut accurate evaluation of these extra terms 


was prevented by the limited sensitivity of 
the instrumentation. 

The shorter time constant reveals an activa- 
tion energy close lo the values for motion of 
charge carriers and for relaxation of impurity- 
vacancy complexes in NaClf4]. In keeping 
with these results, the larger divalent impurity 
ion such as barium should exhibit a slower 
relaxation. However, the values of the time 
constants measured in the present work 
are some two orders of magnitude greater 
than what would be expected from impurity- 
vacancy relaxation at these temperatures, 
judging from the results of Dreyfus[4]. 
Watkins[9], HavenflO]. Also, the polarisation 
effect measured here, increased with tempera- 
ture whereas the impurity-vacancy relaxation 
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should exhihil ;i decrease with temperature, 
due to thermal dissociation of the complexes. 
These facts preclude the interpretation of the 
shorter time constant in terms of impurity- 
vacancy relaxation and our observations are 
more in keeping with mechanisms associated 
with dislocations, it is likely that this shorter 
lime constant is due to the migration of 
charged jogs on dislociilion and to the dis- 
placement of the charged cloud of vacancies 
surrounding dislocations, I he observation 
that thermal quenching and mechanical 
stressing increase the polaiisation current 
associated with this term supports this 
contention. 

I he longei time-constant possesses an 
activation energy close to that of a sieady- 
sttile conduction process. I has an intcifacial 
polai'istition mechanism involving the migia- 
tion of charge-ciirners suggests itself. I'liis 
could tirisc from kirge clusters of defects 
giving rise to regions of enhanced conductivity 
within the ervstal. and producing a dis- 
conlinmly of ehtitge How at their boundaries. 
Hovsevci. n should be pointed out that this 


slower component too is intimately related 
to the presence of dislocations, since this 
component of polarisation also exhibits an 
increase on thermal quenching or mechanical 
stressing. 

It IS obvious from the above results and the 
associated work in this field that further 
experiments are required before the mechan- 
isms under-lying this polarisation effect can be 
confidently established. 
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COVALENCY AND HYPERFINE STRUCTURE 
CONSTANT A OF IRON GROUP IMPURITIES IN 

CRYSTALS 

E. SIMANEKt and K. A. Mltl.I.ER 

IBM Zurich Research Laboratory, 8803 Rii.schlikon, Switzerland 

iRereived 3 Fehnuiry 1969, in revised Jorm 27 Muv 1969) 

Abstract- The ciivaleni reduction of the hypcrfinc splitting A of Mn’' and other transition metal 
impurities in crystals is interpreted as resulting from the exchange polarization of the bonding orbitals 
containing 4.s-admixtiire of the impurity. The calculated unpaired spin density responsible for the re- 
duction of A IS composed of two contributions. I he first one results from the ligand — • 4i transfer of 
the up-spin electron ovcrcompcnsating Ihe transfer of the down-spin electron. The second contribu- 
tion IS due to the difference between the 4.r-radial wave function of up- and down-spin electrons. The 
latter elfect is shown to he a dominating one on both the theoretical and experimental grounds. The 
theory is applied to discuss the relalion.ship of A vs. covalency for Hd Iran.silion metal ions in vanous 
hosts It IS concluded that in covalent crystals the 4.r-bonding of Ihe impurity dominates over the 3d- 
bonding. 


1. INTRODUCTION 

Hyperfine interaction of the isotope of 
divalent manganese impurities in a solid was 
lifst reported by Schneider and England in 
ZnS[ll. Subsequently van Wieringen[2) 
investigated this interaction for Mn^^ sub- 
stituted in a number of crystals. He showed 
that the hyperfine splitting A depended 
slrongly on the host lattice. /I was appreciably 
larger for ionic crystals than for covalently 
bonded ones [2]. 

In the free Mn"' with configuration 3</'’ 
the origin of the hyperfine splitting is the ex- 
change polarization of the inner Iy, 2.v and 3.v 
orbitals as first computed by Heine [3] and 
Wood and Pratt [4] using the unrestricted 
Hartrec-Fock method. In fact, due to the 
exchange interaction between electrons of 
parallel spin of the 3J and inner shell cores 
an attractive potential acts. Thus a net anti- 
parallel polarization at the nucleus results, 
' e. A in the isotropic term ,1^’= A SI is nega- 
tive. Extensive calculations of Watson and 
Freemann|5] show remarkable agreement 


tOn leave from the Institute of Physics, Cz-echosloviik 
cademy o( Sciences, Prague. Czechoslovakia. 


with A as extrapolated from the data of the 
more ionic compounds. Remarkable because 
of the near cancellation of the very large 
parallel and antiparallel spin densities at the 
nucleus for a particular s-shell. In a free 
Mn'^^ ion the hyperfine field //,,/ = -700 kO 
which is due to the competition between the 
dominant and negatively polarized 2s and the 
positively polarized 3.v shell[5.6J. The rela- 
tion between the hyperfine field //i,/at ■’•'Mn 
and the corresponding hypeifine splitting 
parameter/! is 

/![cm '] = = 1-4X 10-''«i,y 

[Gauss] (I) 

where and j8\ are the nuclear g factor of 
^■‘Mn and nuclear magneton, respectively, 
and a is the total Mn-^ spin (5 = I). Using 
(I) the calculated field W,,/ = — 700kG cor- 
responds to/1 = —08 X 10''' cm" '. 

The relation between the parameter A and 
the bonding in crystals was put phenomeno- 
logically on a more quantitative basis by 
Matumura[7j. He plotted A vs. Pauling’s 
covalency parameter derived from the elec- 
1027 
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tronegativity difference between the sub- First it is seen that A practically does not 
stitutional manganese and the ligands B, depend on the host cations. This is true for 
of the duster {Mn BJ in acompomd the SrFj-CaFa. the CaO-MgO series 
y4B. Figure I shows such a graph where the down to the MgTe-ZnTe one, Such a near 
more recent results of A have been included independence on the host lattice was first 
and the range of covalency has been extended noted by Miillerl 1 1] to occur for the hyperfine 
to include homopolar structures. We com- structure constant A of Mn'^Un various oxides, 
putvd the covalency in a particular cluster and ascribed to the dominance of nearest- 
using the empirical relation of Hannay and neighbor interactionfl IJ. Subsequently, 
.Smyth (8|, (iescbwindll2] showed this to hold to a high 

degree of accuracy for Mn-^ as well as Fe'''*’ 

( I "0 16 ( - 0 ()3.S in the MgO-CaO series. This justifies our 

approach to consider only ejn and — 
values of a cluster, and neglect the influence 
We note that expression (2) was obtained by of the host cations which may act on A only 
utili?ing the electric dipole moments of hydro- via different Mn-' — B distances due to the 
genhalide diatomic molecules as a measure changing sizes of the ions, 
of the ionic character of the bond. The Taking the center of gravity of A for a 
electronegativities .r were taken from Gordy particular series (MgO, CaO. SiO) the relation 
and rhomas|9|. Then following Pauling(IO] between A and the covalency parameter is 
the covaicncy ot the cluster was calculated certainly monotonic and except for stronger 
h,\ dividing ( by the number of ligands n. covalency linear within the relatively large 



F ig. 1 The hyperfine interaction constant A of Mn^' a,s a func- 
tion of the covalency parameter c divided by the number of 
ligands For a reference of A data see t able I in the Appendix. 
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uncertainty of c/n resulting from the not very tribution of the 4s orbital will be shown to 
accurate empirical electronegativity data, be important. After the exchange polarization 
In Fig. 2 the A data of the isoelectronic mechanism had been recognized as a source 
Cr^ ion in various compounds are plotted of the hyperfine field in the free ion, it was 
against c /n. Although the amount of available generally assumed [14] that the reduction 
data is more restricted one infers a linear of A was due to the decrease of the 3d 
relationship to hold for Cr+ into the region of electron spin density at the Mn^^ site due to 
strong covalency (Si, GaP). In contrast for covalency. The degree of exchange polariza- 
Fe " the relation of A vs. c/n is not linear in tion is proportional to the 3(f spin of the atom 
the whole range (Fig. 3). Thus it appears that and therefore reflects 3d covalency. 

(he divalent manganese is an intermediate Recently Estle and Holton [15] studied the 


A 1 10^ cm"' 



Lig. 2 t he hyperfine interaciion constant A of Cr' ' as a function of the c/n ratio A 
table of A values may be found in Ursu I , Resonance Rarumugnern/ue Eleclrnnit/ue. 
p. 400. Dunod. Paris ( I %S) (sec also reference 1 1 7]). 


case behaving likeCr^ in the more ionic region 
and like Fe’* in the more covalent compounds. 

A first qualitative discussion of the mechan- 
ism of covalent reduced A was presented by 
van Wieringen[2] and involved covalency 
htndered 3s - ♦ 4s excitation with a partially 
occupied 4s orbital[2]. This was at a time 
when A was thought to be due to a Fermi 
contact interaction for the pure ion with an 
admixture of simple 3s 4.v excitations, as 
also emphasized later by Abjagam et fl/.[13]. 
fhus the first part of van Wieringen’s model 
not useful, but the second one of the con- 


superhyperfine interaction of the isoelectronic 
Fe^*, Mn^* and Cr^ ions in several 11-VI 
compounds. They found to their surprise that 
the apparent percentage of delocalization of 
the antibonding 3d electrons in the state 
to the neighbor atoms was generally of the 
same amount of a few per cent as found in 
the ionic fluorides [15]. The present study was 
initiated by their work because from their 
data it appears that the 3d covalency cannot 
be the primary cause for the reduction of A. 
In view of the original suggestion by van 
Wieringen [2] and the calculations of the weak 
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Fig. 1 Hypcrtinc held loi Fc" v^ </« laftei rcrcrencc 
IIVII 

covaicncy by Hubbard ct u/.[16| where they 
found that the admixture of the 4,\ orbital is 
important, we decided to look at the exchange 
polarization of the 4.s function participating 
in the bonding. 

In a free atom the 4.v orbital extends further 
out than the one, thus the 'id exchange 
potential causes a large radial deformation 
of the parallel spin 4.v orbital which induces a 
considerable positive 4.v spin density at the 
nucleus. This exchange polarization is so 
large that it practically cancels the negative 
spin density due to the inner shells. For the 
Mn" atom with configuration .1(/'’4.v^ Kasai 
[171 finds from EPR experiments /I --26 
X 10^' cm'' only. Thus participation ofthe4j 
function in filled bonding orbitals will reduce 
zl to a substantial extent (to about a quarter 
of the free-ion value). 

For instance, for substitutional manganese 
in silicon, zl = — 40'5 x 10"‘cm'‘[l8], i.e. 
less than half of the value found in ionic 
compounds. Of course in the covalent bonding 
of a manganese atom substituted into a crystal 
we have virtual transfer of electrons from the 


surrounding ligands to empty 3d (down-spin) 
as well as 4s and 4p (either spin) orbitals. Thus 
the covalency degree is strictly a mixture of 
the contributions from various shells. How- 
ever, the results of Estle and Holton [15] and 
the remarkable 'linear' relationship between 
A and covalency for 3d'’ Cr^ and to a certain 
extent lyin'*’, suggests that the reduction of A 
is in this case proportional to a single co- 
valency parameter, which, in view of what has 
been pointed out before, should be related 
to the 4.V covalent admixture of a cluster. 

While this study was in progress Henning 
(19] also poi nted out the importance of a single 
covalency parameter and suggested that the 
reduction of zl is produced by the exchange 
polarization of the bonding orbitals of 
symmetry. However he obtained a linear 
dependence with the covalency parameter 
Ki m the MOLCAO function which implies 
that zl is proportional to the square root of 
the covalency in disagreement with the ob- 
■served linear dependence in Cr’^ and lyin'*’. 

In the next two sections the contribution 
investigated by Henning! 19] as well as the 
radial 4.s-exchange elTect are obtained at once 
from a perturbation treatment of the exchange 
polarization of the bonding orbital. It is found 
that both contributions are proportional to the 
4.V transferred charge, i.e. proportional to 
(A„,)*! However, there is an important 
difference between the behavior of these 
terms with respect to the dependence on the 
bonding-antibonding energy separation. We 
find that the radial 4s effect is less dependent 
on this energy, and also seems to give a larger 
contribution than the polarization effect. 

In Section 4(a) the derived expression for 
the covalent-induced hyperfine field is dis- 
cussed in view of the experimentally observed 
linear relationship between A for Cr’ and 
Mn"’ and its covalent bonding strength. 
Changes of the radial shape of 4.s- and higher 
j-states due to coulomb screening are 
considered to explain the linear and partly 
linear behavior for Cr’ and Mn"’, respec- 
tively, and the nonlinear one for Fe^’. In 
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Section 4(b) we estimate numerically the 
covalent-induced for Mn‘“+: KMgFj, and 
find that the contribution due to the radial 4f- 
effect is about 2 4 times stronger than that 
due to the bond-polarization effect considered 
by Henning[191. 

Section 4(c) is devoted to a discussion of 
the systematics of hyperfine field in 3^ “series. 
We conclude the paper with Section 5, where 
physical reasons for the relatively strong 4s- 
covalency of transition metal ions in covalent 
crystals are discussed. 

2. EXCHANGE POLARIZATION OF THE BONDING 
ORBITALS 

In view of the conclusions we reached in 
Ihe previous section, we shall assume that 
the dominant covalent contribution to A 
is due to the exchange polarization of the 4i- 
electrons admixed into the manganese con- 
figuration by covalent bonding. To describe 
this bonding we use a cluster model composed 
of a central manganese ion surrounded by 
nearest-neighbor ligands. This model is appro- 
priate because of the small dependence of A 
on the cation in a compound, as already ex- 
tensively discussed in the introduction. 

We use the molecular orbital description, 
and take account only of the covalent mixing 
between the combination of ligand orbitals 
denoted as <f), and the 4i-orbital of manganese. 
Thus we construct the ai„-bonding orbital 

</>« = A'„(d»,,+-y4d>^,) (3) 

where is the (fti,-" ({>^, transfer parameter. 

In the ‘restricted’ Hartree-Fock approxima- 
tion the orbital (3) is doubly occupied and the 
many-electron system we consider is des- 
cribed by a Slater determinant 

»J'o= (4) 

where (-f) and (— ) denote the up- and down- 
"^pin, respectively. For simplicity, we con- 
sider only one unpaired d-electron of up- 
spin to be present. It is easy to extend the 
I'esults to the real case of five c/-electrons. 


The presence of the unpaired <j)/ electron 
yields an exchange potential and produces 
an unpairing of the ‘closed’ shell (d>/,^, 

This potential produces a distortion of a 
type; (j>„* -* so that the resulting Slater 
determinant takes the following ‘unrestricted’ 
form. 

.]/= (3!)-’'M«/-/-d>«'^d>/^ } (5) 

where (f>„' can be calculated using perturbation 
theory (see [ 20 ]), 

where d>„ are the unoccupied Mates of the 
complex which are solutions of the restricted 
Hartree-Fock approximation 

I dr J dr' 

|r-r'| 

In the framework of the configuration inter- 
action. expression ( 6 ) corresponds to includ- 
ing promotion of a < 6 ,T electron to the excited 
states via the exchange potential of <ft/. 
At this point it seems useful to refer to the 
paper by Henningll9] who took into account 
only a single promotion (j>i, d> 4 . where d>i is 

the empty antibonding orbital. 

(|)4= ^4 [d)4,-('y4-l-54)<f>,] (8) 

where 

54= (d>4jd>,). (9) 

Physically, this type of promotion re- 
presents a certain type of exchange polariza- 
tion of the bonding orbital with the follow- 
ing features. The attractive d-exchange poten- 
tial produces a redistribution of the up-spin 
density between </>,. and <^ 4 ,. but leaves the 
4s-radial function unchanged. By admitting 
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higher (n > 4) terms in the perturbation ex- 
pansion (4) we allow the 4,v electron of up- 
spin to be distorted radially. Since the 4,r 
electron is mostly ‘outside’ of the 3e/ core, 
there is an inward attraction of the 4.v density 


We note that in deriving (13) we have 
neglected all the integrals containing orbitals 
situated on different atomic sites. 

The unpaired v-density at the ’’Mn nucleus 
(r = 0) can be calculated from (12) using 
(3) and (10). To see separately the two 
nolari/ation effects, it is convenient to break 


leading to a net positive unpaired .^-density. 
We neglect the bonding of these excited .v 
states (y„ = 0) so that the ‘antibondmg’ 
states ()>,i for n > 4 arc 

( 10 ) 

where 

■S',,- ). (II) 

Of course the are less localized than 
but the energy denominators are larger. 
Further the covalency of these states is an 
unknown parameter which is thus absorbed 
latcrintoy, and N,. 

The states <j>„y arc the titomic .v-st;itcs of 
the manganese ion. Since the radial deforma- 
tion of the 4,\-orbital mainly around the 
nucleus is important for hyperfine effects, 
the set of 0,,, states must also include the 
continuum of the manganese .v-states. Thus 
the energies £„ lie rather high above the 4,v 
stale (more than 1 5 eV as shown later). 

3. UNPAIRED i-DENSITY AT MANGANESE 
NUCLEUS 

The modification of density of upward 
bonding electrons is from (6) to first order 
in exchange 

,«4 

( 12 ) 

By expressing and in terms of atomic 
orbitals, <f>t, and respectively, we obtain 
for the MO exchange integral in (12) an 
‘atomic’ approximation 

(13) 


expression (12) into two parts, as follows: 

s <f.3,(0) 

ri-'t 

(14) 

In (14) we have used approximation (13) 
and assumed /V„ = I. 

Now. we recognize that the first term 
(// = 4) on the right-hand side of (14) is 
es.sential)y the contribution of the exchange 
polarized bond in the sense of Ref. [19]. The 
second term (n > 4) is the effect of radial 
43-polarization. The latter effect should be 
quantitatively related lo the unpaired 4.v- 
density in the 3dM.«^ configuration of Mn". In 
fiict, a simple physical argument suggests that 
the radial 45-hyperfine contribution should be 
given by the product of the hyperfine field of 
exchange polarized 4.v-shells in Mn" and the 
probability of 3dM.y‘* configuration. To check 
the validity of such an argument we apply the 
perturbation expansion to the 4s up-spin 
orbital in Mn". and obtain 

(13) 

li>4 " '* 

where superscript («) denotes the atomic 
energy level. 

From this, the unpaired .s-density at the 
“Mn nucleus is 

(16) 

n>1 ” '' 
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By comparing (16) with the second term been shown [2 IJ that the charge transfer ex- 
in (14) we see that the above simple argument cited state has a lifetime given by 


does not hold exactly since there is a dif- 
ference between the denominators of these 
two expressions. 

As illustrated in Fig. 4. the difference is 
clearly due to the fact that in a covalent com- 
plex the electrons are "exchange” excited 
from the energy level £«, whereas in the Mn" 
atom the 4i-electrons are excited from the 
£\i,, level. 



Eig 4. 1 he energy levels of a molecular complex (MntiJ. 
Also shown aie (he atomic energy levels of the s states 
of the manganese ion. denoted by E„". and the ligand 
energy levels (E, ). 

The difference (due to the anti- 

bonding effect) is quite small (leV or so) 
and hence the promotion energy in ( 12 ) can 
be written as follows, 

£„ — £'«= (£„ ~ £,() -b (£^ ~ £«) 

s + {E,-E„). (17) 

Thus the presence of the term (E^-E,,) 
produces a reduction of the radial exchange 
polarization as compared to what one ex- 
pected using unpaired 4s-densily in a free 
Mn" atom. In addition the second term of ( 14) 
is modified by Nn 4= 1 but this has been ab- 
sorbed into N 4 and 74 . 

Some physical insight into this reduction 
process can be gained by applying the con- 
figuration interaction description to the 4s- 
covalency. The virtual charge transfer d», 

ipi, has certain »dynamic features, which 
have been discussed previou.sly[21]. It has 


where Af is the promotion energy of the 
charge transfer. In our case this energy is 
Ei"— Ei~ Ei — Eh- In the configuration 
interaction method, the exchange polariza- 
tion studied above can be incorporated by 
considering the higher-order perturbation 
term (second order in transfers, first order in 
intraatomic exchange). The reduction then 
can be interpreted as due to the finite lifetime 
of the electron transferred to the 4s state. 
The <f>f, -» excitations require a certain 
time, longer than hl{E,"-Ei'). and thus the 
polarization process may be dynamically re- 
duced by the finite lifetime hlEf-Eg. 

Obviously, the degree of this reduction of 
spin density depends upon the distribution 
of energy levels in Fig. 4, and thus is a func- 
tion of the bonding. We shall revert to this 
question in Section 4. 

It is useful to rewrite expression (14) in 
terms of hyperfine field and take into account 
the presence of five unpaired 3d-electrons: 
This covalency-induced hyperfine field is 
then 

= (18) 
C.4 C/i 

where J is the energy difference between 
3d* T 4s t ('5) and 3d* t 4s i ('S) states 
of Mn^. H 4 , is an average hyperfine field due 
to unpaired 4j-electron.s in the above two 
configurations. We estimate this field from 
unrestricted Hartree-Fock calculations of 
Watson and Freeman [5] for Mn"(3d*4.v''‘). 
According to these calculations W 4 , f= 1750 
kG, = — 1149 kG and we take 7 / 4 , to be 
roughly an average of these two latter values 
so that 7 / 4 , = 1500 kG. HK? is the dynamically 
reduced hyperfine field of the exchange 
polarized 4s’ shell in Mn". In the "static limit" 
(when £,-£4 > £ 4 - Eh), Hi,, goes over to 
the free-atom value H 4 , < " Wi. j - bOO kG [5). 
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4. DISCUSSION 
(a) General remarks 

Equation (18) suggests that there should 
be linear relationship between the covalent 
induced hyperfine field and the total charge 
transferred to the 4.v-state of manganese. 
Indeed, according to (.1) this charge turns out 
to be 

Q>. = 2N,ryr. (19) 

Unfortunately, this factor is multiplied in 
( 1 8) by the square bracket which is a function 
of various parameters Ni) depen- 

dent upon the degree of covalency. Thus, for 
instance, we expect the bonding-antibonding 
separation E^-Ej, to decrease appreciably 
on going from the ionic to covalent com- 
pounds. Consequently, both terms in the 
square bracket are expected to increase if 
other parameters such as <!>,„ entering 
//J'? and J are kept constant. However, it 
should be stressed that (18) is based on the 
first order approximation ( 1 2) which is justified 
only if {(t>, 4 i,\<t>„<l),i} < Eu-Ei,. In strongly 
covalent compotinds may be com- 

parable toy and ( 18) is not applicable. 

From (14) it is obvious that would 
experience a weaker dependence on E,-Eii 
than 11 {E 4 — Eh) (as encountered for the first 
term), because of (he presence of excitations 
E„ — E 4 in the denominators of (14). To 
estimate this dependence quantitatively we 
would have to know the effective range of 
energies E„ - E^. One possible way of estimat- 
ing it would be to compare the numerically 
computed unrestricted Hartree-Fock wave 
function ^^ir) with expansion (15) and find 
the coefficients of such an expansion. 

A rough estimate of the lower limit of 
En — Ei can be made by realizing that the 
most important excitations for exchange 
polarization are those involving the excited 
stales of the continuum. Since the ionization 
energy of Mn^ is 15 eV, we estimate £,, — £4 
> 15 eV. 

Even if we take the average excitation 


energy (£,,-£4) to be as large as 20 eV we 
still expect sizable changes of due to 
changing £4 — £';,. Thus, for instance, in 
the case of Mn^^iKMgF;, calculations of 
Hubbard et fl/.[16] indicate E4-E,, = 30 eV. 
In very covalent cases we expect £4 — £« to 
be comparable to the band-gap which is 
certainly less than lOeV, Consequently, 
the average values of the denominators in 
(15) may change by about 100 per cent 
leading to changes of of that order, 

In view of these facts it is quite surprising 
that a linear relationship is observed between 
A of Mn'^+ and Cr^ and the degree of co- 
valency. However, there may be additional 
effects compensating the one of £4 — E„. 

First, the changes in bonding may be 
accompanied by changes of the radial wave 
functions (f),., and Electrostatic screening 
by the 4.v and 4p charge density causes a 
decrease of the hyperfine fields A/4, and A/^^^ 
with increasing covalency. One can make a 
rough estimate of the 4.v screening effect by 
comparing the hyperfine field of the 4.v elec- 
tron with up-spin in Mn“(3</M.r“) and Mn+ 
(3 </Ma). The calculations of Watson and 
Freeman[5) give A/4,1 = l750kG f^or Mn". 
For the case of Mn* we use recent EPR 
results of Ikeya and ltoh(22) on Mn”^: 
KCI giving ,4 = 232 X lO"' cm”'. Assuming 
that the core polarization contribution to A 
is the same as in a free ion (-600kG), we 
obtain A/4, , s 2000 kG. Thus about 15 per 
cent decrease of H4, is expected on going 
from Mn^ to Mn". The 4p screening in Id'' 
4i' 4p vs. 3(/'* 4.\ amounts to about 5 per cent 
change of A/4, [23]. The changes of £4 — £/, 
are difficult to assess but certain information 
can be drawn from the atomic energy levels 
((/*) and (3(/Mj) which show an interesting 
systematic behavior along the sequence Cr, 
Mn^, Fe^^ (see Fig. 5). These configurations 
correspond to the charge transfer from the 
ligand to the 'id and 4j atomic levels, res- 
pectively. It is possible that due to the low- 
lying (idHs) configuration in Cr and Mn+ the 
promotion energy Et — Eg changes less 
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F ig 5 The energy scpiirations belwecn configuralions and l3d''4,!) of the Cr“. 
Mn' and Fe*' nms[24|. The separation between FVtTd', 4.t f ) and ''.V(3(/\ 4.( J ) 
states defines the 3t/-4j exchange integral J. 


Strongly with covalency. The large off- 
diagonal matrix elements then control the 
£,-£« separation to remain more or less 
constant in contrast to Fe^'^. This could ex- 
platn the fact that the plots of A vs. covalency 
also develop a systematic increase In non- 
linearity on going from Cr'^ to Fe^*. 

The second possibilityt may be that the 
amount of 4.v-charge ( 19) is not a simple linear 
function of the covalency degree, which is 
defined by the electronegativity difference. 
Obviously, the latter difference must be 
related not only to the 4,v, but also to the I'd 
and 4/> covalencies. Although the .f</-co- 
valency is found to be rather small, even in 
strongly covalent compounds (.see [15]) 
the 4p effect is probably appreciable especially 
foi' tetrahedral bonds. 

Ih) Numerkul estimates 

Lp to now we have only been concerned 
with some qualitative features of the above- 
derived covalent contribution to the hyperfine 
field. Now we should like to present more 
quantitative arguments showing the im- 
portance of the 4,s'-radial effect as compared 


TSce Ndie added in proof. 


with the contribution of the exchange polarized 
bond. 

First let us consider a typical ionic case: 
Mn^"^ in KMgF;,, for which we have a theore- 
tical value of (£,-£«) - 31) eV (see Hubbard 
et al.\ 1 6|). For d we can use the free-ion value 
of I eV as given in the atomic energy level 
tablesl24). Using 15t))k(i we arrive 

at an estimate 

l(X)kG. (20) 

tfi 

To find a corresponding value of we write 
the second term in ( 1 4) as follows: 

d),J0)d>«(0). (21) 

In the 'static' limit. (£^-£n) -» 0 and the 
expression (21) then roughly corresponds to 
the hyperfine field of the exchange polarized 
4,v‘ shell of Mn". which is about -FfiOOkG 
(see Section 3). In keeping with the above 



1036 


E SiMANF.K and K. A. MULI ER 


discussion we use — -■ 20eV,£j — £« 

30 eV, and obtain from ( 1 9) the dynamically 
reduced hyperfine field 


= 600 X 




kG 


{E,r-E,} + E,-E„ 

240 kG, (22) 


which is to be compared with the lOOkG 
contribution due to the bond polarization. 

The importance of the radial polarization 
contribution in covalent compounds may be 
seen by inspecting the EPR measurements 
on Mn-*, Fe’*^ and Cr"^ in ll-VI compounds. 
Estle and Holton (15] find only several per 
cent of unpaired total spin summing over all 
the ions surrounding the transition metal 
impurity. Now it should be realized that the 
exchange polarization of the As-hond leads to a 
negative spin density at the ligunds|251. This 
is natural to expect, since predominantly 
(he up-spin electron is transferred from 
ligands to the 4.v-state of the transition metal 
ion. For example in the case of Mn-': ZnSe 
Estle and Holton] 1 5] find A to be about 
60 per cent of the free ion value, and if we 
wanted to explain all of it by the bond polariza- 
tion, we should have to assume about 20 
per cent of the up-spin to be transferred to the 
4i-state. This would then produce 20 per 
cent of the total unpaired density on all the 
ligands. An accidental cancellation between 
the latter and a positive density due (o 3d- 
covalency is improbable because it would 
have to occur for all the ions Fe^^, Mn’^ 
and Cr"*^; especially if one refers to the 
relative 3<f'M.r and 3</'’ level positions shown 
in Fig. 5. We conclude that the exchange 
polarization of the Ax-hond must be much less 
than 20 per cent and hence cannot be the 
dominant cause of the strong reduction of A. 

This indirectly proves that the 4s-radial 
effect must be dominant in .strongly covalent 
compounds. It produces a sizable density at 
the Mn-nucleus without leaving appreciable 
spin densitie.s at the ligands. Quantitative 
estimates of the bond polarization and 4j- 


radial effects in covalent compounds cannot 
be safely made because of the lack of know- 
ledge of the parameters entering [1 8]. 

In addition, the theory presented in Sections 
2 and 3 neglects the effects of the overlaps 
between ligands and inner r-shells of the metal 
ion. As shown earlier in connection with 
isomer shift of •''Te, these overlaps lead to an 
increase of the effective 4j-density]26]. 
This should produce an amplification of AWcov- 
quite strong in ionic compounds, but difficult 
to estimate in the covalent compounds. 

(<■) 3d'' in octahedral surroundings 

The isoelectronic series of V''', Cr'^ and 
Mn'^ is a particularly interesting example 
where the insight gained here can be applied 
quantitatively. Geschwind] 12] has pointed 
out that the hyperfine field H,.,, practically 
does not vary from V-'' to Mn^+ in oxygen 
octahedral environment. This value amounts 
to - 193 ± 1-5 kG per spin, if the 
small orbital contribution of the order of 
3-5 kG is subtracted from the experimental 
value. This may be compared with the 
calculations of Freeman and Watson (27] 
for the free Mn" ion giving //,.„(Mn") = 
-l%kG. 

We start with the interesting case of Mn". 
Freeman and Watson (27] calculated the net 
spin density at the nucleus of manganese as a 
function of ionization (per spin). The 3d 
functions are more contracted for the larger 
ionization stages. This yields a more positive 
3s exchange polarization and reduces the 
net negative spin density leading to a de- 
crease of the magnitude of the net core 
polarization with ionization degree. Gesch- 
wind and coworkers]28] have taken the 
experimentally observed smaller values of A 
for Mn" as evidence for this trend. However, 
they overlooked an important point. In the 
oxides, a four-valent 3rE'ion shows appreciable 
3d covalency coming mainly from the 
(T-bonding orbitals (the antibonding ones 
not being occupied). This reduces the charge 
on the manganese ion, and consequently the 
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above-mentioned contraction of the three 
occupied antibonding 3d functions is de- 
creased. Thus the positive 3i exchange 
polarization is reduced compared to the free 
Mn'*^ value. 

A quantitative estimate of the net charge 
reduction of the Mn'*'^ ion can be made by 
using the computed covalency factor by 
l.acroix and Emchf29]. They found for 
Mn^^Ofi Tff = 38 per cent for e„ orbitals, 
and = 15 per cent for orbitals including 
overlap {P, being the probability of 3d 
occupation). The outflow of charge due to the 
three occupied antibonding orbitals is 
approximately compensated by the inflow 
of the corresponding charge of 3 bonding 
/iu orbitals. The latter is, however, occupied 
by six electrons, and we obtain an inflow of 
3(-0'15 e) = -0'45e. The reduction from 
four (T bonding e„ orbitals is 4(-0-38e) = 

Hence a charge reduction due to 3d co- 
valency of about - le is present.t It should 
be noted, however, that this strong charge 
reduction comes mainly from nonmagnetic 
handing orbitals and is thus accompanied by 
only a slight 3d spin reduction (= 15) per 
cent). This means that the exchange polariza- 
tion of a Mn*^ in an oxide environment should 
behave as a free Mn^^ ion with H,.,, - — 285 
kG per spin instead of -200 kG (if 4,v co- 
valency and 3d spin reduction is neglected). 
We have thus to explain the considerable 
reduction observed (which is larger than that 
found for Mn^^ in oxygen environment). 

We can do this quantitatively by assuming 
again that the exchange polarization of the 
bounding o,„ orbital is the cause of the 
reduction. Because it should be close to that 
of IVIn^+ we can use the gauge curve of Fig. I 
with the hyperfine field per spin for 
in MgO neglecting a small 3d-covalency of 
Mn2*:MgO. From Fig. I, W,„ = -235kG; 
this value is further reduced owing to the loss 


tThe 'id charge reduction is also reflected in the larger 
electronegativity of Mn*^ as compared to that of Mn’L 


of spin density of 15 per cent due to the 
TT-bonding of the occupied antibonding t 2 „ 
orbitals, and yields 200 kG in good agreement 
with the measured values. 

On the other side of the 3<f scries is 
which we now discuss. From the experimental 
hyperfine data of and Mn'^^ in the most 
ionic compounds, the fluorines, it is found that 
the field per spin //e*p(V^^) is 12 per cent 
smaller than //„p(Mn“^). This scales with the 
theoretical values for inner core polarization 
hyperfine fields in the neutral V" and Mn" 
atoms (V^+h.f. core polarization calculation 
not being available). Assuming that actual 
free-ion values have the ratio of Wexpl^”)/ 
WexplMn^^) of fluorines, and using the 
extrapolated free H value for WIMn^"^) 
= 285 kG (Fig. 1 and equation (1)). we obtain 
a value of //(V^^) = ~250kG for the free V’'’* 
ion. Since the experimental hyperfine field 
in MgO is near 200 kG, a reduction of 
about 20 per cent is found as compared to 
17*5 per cent for Mn’^'^ in MgO. If we assume 
that the reduction is due to the same admix- 
ture of 4j' vanadium and manganese wave 
functions in the bonding orbitals this is in 
line with our theory for the following reasons; 
the electronegativities are the same for both 
ions, and the positive exchange polarizations 
per spin of the 4s shell for neutral vanadium 
and manganese atoms coincide within 10 
per cent [5]. Thus if we assume that the 
covalency deduced from the electronegativity 
differences is proportional to the 4i electron 
admixture in the orbital the result is 
obvious. 

Similar considerations can be made for 
central hyperfine interaction parameters of 
transition metal ions for which less complete 
data are available. 

S. CONCLUSIONS 

The major conclusion to be drawn from the 
present study is the observation that the 45- 
bonding dominates over the id one. This is 
true at least in the very covalent crystals and 
for tetrahedral coordination, where sizable 
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reductions of A are accompanied by small 
3i/-covalency. This is quile an interesting fact 
from the point of view of the theory of 
covalency; especially because recent a priori 
calculations of covalency in highly ionic 
KMnF.) indicate quite small (and smaller 
than for 3d) 4i-transfer| 16], It appears that 
the relative amount of 4.s-bonding increases 
on going to more covalent crystals, and the 
4,v orbitals contribute appreciably to the 
electronegativity of the transition ions. 
However, we have to point out that this 
observation should not be considered as a 
general rule for all transition metal ions. In 
the 4d and 5d series, the d-orbilal covalency 
may play an important role for central 
hyperfine structure constants. Our results 
have been obtained using a quite simple model 
[30] and physical arguments rather than 
rigorous calculations of the complete system 
which is at present not accessible. Thus 
this does not exhaust all possible contributions. 


Aikniwledncmrnh -Vic stioulil like to thank Dr. O. 
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Phvs.Rev. Lett. 22, 1433 (1969), 



COVALENCY AND HYPERFINE STRUCTURE CONSTANT ^ 


Appendix: Table 1 


Compound 

-/4 

X 10‘cm ’ 

CK) 

T 

Reference 

CaF, 

95-3 + 0-2 

-+0 

SERWAY R. A., Phn. Leu. 26A, 642 (19681 

SrFj 

95-2+1 

300 

VINOKUROV V. M. and STEPANOV V, G.. Soiaci 
PhysUs-solid Stale 6, 303 ( 1 964) 

BaF, 

94-9+1 

77 

DRUMHELl.ER J, E..y. them. Phys.3». 97(1 (1963) 

CdF, 

92-5 + 0-5 

300 

RANON U. and STAMIRES D. N.. Chem. Phys. Lett. 
2,286(1968) 

KF 

92-9 + 0-1 

77 

HALL T.P.P..HAYESW, STEVENSON R.W H and 
WILKENSJ,.y.f/ifm Phys.H 1977(1963) 

NaMgF'ii 

92-5+1-5 

300 

OGAWA S,,y. phys. Sac. Japan 15, 1475 (1960) 

K MgF, 

91-0 + 0-5 

300 

HALL T. P. P , HAYES W., STEVENSON R W. H. 
andWll.KENSJ J.chem.Phw.Sft, 1977(1963) 

ZnF, 

90-7 ±0 3 

77 

CLOGSTON A. M , GORDON J. P , J AC( ARINO V.. 
PETER M and WALKER L. R.. Phys. Rev. 117, 1222 
(1960) 

MgFj 

90-6 

300 

M ATU M U RA 0 , y . p/ivs. Sot . Japan 14, 1 08 1 1 959 ) 

Si Cl, 

87-4 

20 

DOBROWOLSKl W.. JONES R. V. and JEFFRIES 
C. D.. Ph\s. «fti. 104, 1 37 8 (1 956) 

(aO 

81 6 + 0-001 

4-2 

CjESCHWIND S., In Hyperjine Interoitions (Edited by 
A. J. Freeman and R B. Frankel), p. 225 Academic 
Press. New York (1967) 

MgO 

81-5 + 0 2 

4-2 

GESCHWINO S , In Hyperjine Inienulions (Edited by 
A J. Freeman and R. B. FranUI), p. 225 Academic 
Press, New York ( 1967) 

SrO 

80-9 + 0-2 

4-2 

GESCHWIND S , In Hyperjine Inieraelions (Edited by 
A. J. Freeman and R. B Fiankcll, p 225 Academic Press 
New York(l967) 

CdBr, 

79-8 

300 

KOGA H . HORAI K. and MAIUMURA O..J phvs 
.Sof duptm IS, (.340(1960) 

NaCI 

82-3 + 0-3 

300 

WA'IKINSG D.P/ivj Rer, 113,79(1959) 

Mg(L 

82-0+ 1-0 

20-300 

HAI.L T P, P„ HAYES W and WILLIAMS FIB, 
Pwe.Phys.Soe. 78,883(1961) 

KCT. 

81-8+1-0 

300 

WAIKI'NSG n..Plm.Rev 11.3,79(1959) 

CdClj 

81-5 + 0-2 

20 

HALL T. P P . HAYES W. and WILLIAMS F, 1 B. 
Prm P/iv,v,5(M-.78,883(l96l) 

l.iCI 

81-4 + 0-4 

300 



80-8 + 0-5 

300 

WArKINSCj.D..P/iv.i.Rer 113,79(1959) 

AgCl 

80-0+0 5 

77 

SCHNEIDERJ.andSIRCARS R.Z AuiHrMTa, 155 
(1962) 

AgBr 

75-6 + 2 

20-300 

HAYES W.. Oise-. Puniday S»i . 26. 58 1 1 959) 


75-7 + 2 

20-300 

HENNIG K.. PIm Siiiiiis Sohdi 1). 7‘»5 (|965i 

MgAl.O, 

75-4±0-6 

3(8) 

WALDNER F . Heir, plm Aela 35. 756 (1962) 

ZnO 

75-0 + 0-05 

20 

HALL T P P. HAYES W. and WILLIAMS 1 LB., 
Proe.Phvs.Soe 78.88 3(1961) 

ZnAW), 

74-9+0 5 

300 

SFAHI.-BRADA R and LOW W Phys. Ret 116, 561 
(1959) 

CaS 

76-8 

77 

AUZINS P , ORTCFN J. W. and WERTZ J F., In Para- 
mupnefie Resonance 1 Jerusalem Con). (Edited by W. 
Low), p 90 Academic Press, New York ( 1963) 

SrS 

76-8 

77 

AUZINS P.. ORTON J. W. and WERTZ J F , In Paro- 
maynelK Resimanee 1 Jerusalem Conf (Edited by 
W. Low), p, 90. Academic Press, New L ork (1963) 

MgS 

74-8 

77 

AUZ.INS P„ ORTON J W and WERTZ J E , In Para- 
niapnelie Resonance 1 Jerusalem C oaf. iFdiled b\ 
W. Low), p, 90. Academic Press New York (1963) 

CaSe 

74-05 

77 

AUZINS P. ORION J. W. andWERFZJ.E. In Pnra- 
mapnetie Resonance 1 Jerusalem Copf. (Edited by W. 
Low), p. 90, Academic Press New Y ork (1963) 

MgSe 

71-2 

300 

MATUMURAO..y.pliy.v.Soi-.yfl/>un 14. 108(1959) 
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Table 1 (ami.) 



A 


T 

Compound 

< 10' cm ’ 

("Kl 

Reference 

Calc 

67-2 

3(KI 

MAIUMURAO.y plns.SiK.JiipanU, 108(1950) 

CdS 

660 + 0 1 

77 

SCHNEIDFR J , SIRCAR S. R. and RAUBER A., Z. 
Niiliirl 18a, 980 II 963) 

/nS 

64 <1^ O-l 

77 

.SCHNEIDER J, SIRCAR S R and RAUBER A., 
/..Noliirl. 18a. 980(1 963) 

( dSc 

62 2 ± 0 1 

77 

SCHNEIDER J.. SIRC AR S R. and RAUBER A . Z, 
Niiturl 18a. 980(1963) 


62 2 

77 

KUNH S., TOBITA S. and HIRAHARA E., J. phys. 
.Six Jnpnn 21. 479 ( 1966) 

/iiSc 

61 7i0 1 

77 

H I 1 E R. S . Wiv.i Ren. 131, 2503 (1963) 

Mg I c 

18 1 

.10(1 

MA 1 UMLIRA O .J phy.s Soc Japan 14. 108 (1959) 

(, die 

57-5 

4 2 

nil I- R.S .r/ivs Rev. 131,2503 (1963) 

/lllc 

56 5 

4 2 

KIKUCHl C and AZARBAYE.I ANI G H.. J. plixs 
S,a .Japan n.Suppi B-l 453(1962) 


Vi-: 

10 

WOODBURY H H. and l.UDWIG G W. Bull. Am. 
l>h\.s..Soc.(,. 118(1961) 

(■al> 


to 

W()ODBUK\ H H jmd 1 UDWiO G, W . Bull. Am. 

(fflYS S<K 6, 1 

Ci.iAs 

52 ^ 

77 

AI.MEI LH N. and GOI DSI'EIN H . I>h\s. Rev. 128, 
1568 0962) 


‘;2 4 M) 5 

77 

Bl EEKRODF R . DIFI.EMAN .1, and VHGThR II J., 
I'h s.l.eti. 2.355 0962) 

(ic 

42 '6 1 0 1 

C5-77 

WAlKINSCi n .Ral! Am.pIm.Soc 2.345(19571 

Si 

4(1 “i 

4 2 

WOODBURY H. H and l.UDWIG G W. PIm. Rev. 
l ea 5.96 0 960) 
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Abstract-'! he short wavelength transmittance limits of LiF, MgF;. CaF, and BaF^ crystals have a 
lemperatiire dependence which is consistent with a model of pholoexcitalion of localised exeilons at 
momentarily thermally distorted regions of the lattice. The localized e.xcilon is identified as a hole 
self-trapped in an F, molecule -I- exciled electron. The anomalous data for l.aF, is hypothesized to 
be impurity controlled. In ordc-r to identify the relevant transitions in SiO; and ALO,. a method is 
developed and employed for an I.CAO-MO semiquaniilative determination of valence hands, which 
seems generally advantageous for complex solids with important covalent bonding efiects I he pre- 
ceding model for fluorides is found to be plausible with extension to explain the AI.O, data, while it 
IS not so fur the SiOj data, which is interpreted to he due to phonon assisted interhand transitions In 
general, the lowest Irtinsilions in the u.v spectra of SiO,. AI.O,. and. by inference. GeO;. which is 
slriicitirally isomorphic to SiO... are found lo originate from oxygen lone pair orbital valence bands, 
and the u.v spectra xif amorphous and crystal specimens of these oxides arc tentatively so interpreted, 
with the assistance of available experimental information 


I. INTRODDt riON 

Tml purpose of this paper is lo theoretically 
interpret the experimental results obtained in 
the preceding paper (hereafter referred to as 
(I)]. In particular, we wish to explain the tem- 
perature dependence of the cut-off wavelength 
A,.,i. which is defined in terms of the trans- 
mission T through approximately 1 mm thick 
slabs of the solid insulators under considera- 
tion as T(\ca) «= 01-0 5 per cent. A plot of 
vs, temperature is given in (1). Fig. 4. and 
is icprodticed in Fig. 1 of this paper, 

For these small transmission values, inter- 
ference effects between front and back sur- 
faces of the slab can be accurately ignored, 
and the expression for T(\) is 


ance at one vacuum-solid interface, d is the 
thickness of the slab, and kis. ) is the extinction 
coefficient (1). In the wavelength region under 
consideration, where ^ 10 ^ /?(X) is esecn- 
tially constant, and the rapid variation of the 
expxmential factor in equation ( 1 ) through the 
wavelength and temperature dependence of k 
gives the effect. This dependence is related 
microscopically to transitions from the ground 
lo excited states of the solid as 


kiK.fS) ^ 



e xp(-/j/-:„„l 

/Afi) 


^ I < }!oi\M\J > . 


7 (\) = (1 - R{\)Y exp l-47rA(Md/Xl 


(I) 


where 


where R{K) is the normal incidence reflccl- 


Z(j8) - 2„ exp (-/3£„„). 


12 ) 


‘Hart I by Hunter W R, tin'tl Main S. A ,7. 1’hxs Chem. 
5<i/i</,! 30, 2739 (1969). 


and we have introduced the temperature de- 
pendence through /3. which is the inverse of 
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lit; I Icmpciiiliiic (k'pcndcnicol A,„ 

the product of the temperature and Boltz- 
mann's constant. Here M is the electric dipole 
operator for allowed transitions, If^a > rep- 
resents the ground electronic and a’th vibra- 
tional stale (the usual adiabatic approximation 
of the Born Oppenheimer Methodl2| for the 
ground state is already implied here) with 
corresponding energy the Ij > represent 
excited states of the solid with corresponding 
energies ci. and «(AI is the index of refraction 
which is essentially constant in the wave- 
length and temperature region under con- 
sideration. A detailed interpretation of Fig. I 
is obtained from evaluation of equation (2), 
which involves the usual sum over final states 
and thermal average over initial states. 

In principle, the evaluation of equation (2) 


might proceed by first finding the electronic 
states in a rigid lattice calculation, next in- 
cluding the mixing between them induced by 
the lattice vibrations (assuming their character 
is known) by means of perturbation theory, 
and finally calculating equation (2). The diffi- 
culties of actually carrying this out are enor- 
mous. of course, but suppose it were done. 
The temperature dependence of A,.,, in Fig, I 
would be interpreted as the growth of phonon 
assisted transitions between rigid lattice elec- 
tronic states with temperature. When the tem- 
perature increases to the point where the 
dominance of zero-point vibrations begins to 
subside. A begins to grow at a given wave- 
length, and the previously fiat portion of A,„ 
begins to turn toward lower energy, which 
corresponds to the observed behavior in Fig. 
I. in all the solids under consideration A,.„ is 
on the order of I eV below the observed 
lowest exciton peak position. Hence, for 
example, one might have to consider proces- 
ses involving excitation of a rigid lattice elec- 
tronic transition with simultaneous absorption 
of a large number of phonons. .Such phonon 
processes arise from a single phonon terms in 
high order perturbation theory or multi- 
phonon terms in lower order perturbation 
theory. I he value of specific models which 
pick out the most important elfecls and simpli- 
fy the interpretation of Fig. 1 is thus evident. 

In Section 2 a model is introduced to unify 
and explain the ionic solid fluoride data in 
Fig. I. which in effect singles out the import- 
ance of certain short wavelength phonon 
lattice distortions. I'his model is found in- 
adequate without extension to explain the 
oxide data, where covalent effects are import- 
ant. and Section ? discusses a method to 
handle their interpretation. Section 4 utilizes 
this methr)d in an interpretation of the data for 
fused and crystal quartz (SiO.). Section 5 
similarly interprets the data for synthetic 
crystal sapphire (ALO,,). In the process of 
analyzing the oxide data certain new interpre- 
tations of the available optical data for these 
solids and GeO^ arise, and these are dis- 
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cussed in Section 6, In Section 7 we draw 
some conclusions from this study. 

2. INTERPRETATION FOR FLUORIDES 

The first group of solids we consider are 
the metal fluorides, all of which behave simi- 
larly in Fig. I except for LaF;„ which will be 
discussed later. Because fluorine is highly 
electronegative these may all be assumed to 
be almost completely ionic, and by analogy 
with other alkali halides [3], the lowest absorp- 
tion peak may he assigned to a direct exciton 
transition at F from the 2p-like F“ valence 
band to the conduction band edge, mainly 
associated with the metal ion. In the Elec- 
tron Transfer IVfodel(4, 3|, one considers it 
as the transfer of an electron from one of the 
F ions to a neighboring metal ion. Each of the 
curves in Fig. 1 falls on the long wave- 
length side of the absorption peak by an 
amount substantially greater than the half- 
width of the peak. In UF[51 X,.„ is about 0-8 
eV lower than the peak position at room tem- 
perature. In CaFo and BaF^lb) these amounts 
are 0'9 and 0'6 eV, respectively. 

The model we use to describe the absorp- 
tion in this energy region below the first 
exciton peak adopts the view [71 that the rele- 
vant transitions are from the ground state to 
localized exciton states at momentarily ther- 
mally distorted regions of the lattice. Specifi- 
cally, it has been established through ESR 
studies 1 8J and intrinsic luminescence studies 
|3] on several halides [9|, including l.iF and 
CaFT. that electronic excitation is accom- 
panied by lattice relaxation which self-traps 
the hole such that the hole wave function is 
localized on an adjacent pair of F ’ ions. The 
observed ‘self-trapped exciton’ then consists 
of a stable F-r molecule (or center) + bound 
excited electron. We depict the self-trapping 
process for this exciton in Fig. 2 by plotting 
exciton energies vs. the separation W of a 
specified pair of adjacent F'^ ions. This kind 
of diagram has previously been used to inter- 
pret the intrinsic luminescence of alkali 
halides [9], As /? decreases below its perfect 



Fig. 2 Schematic polential curves for self-lrapped ex- 
cilon (STF.) slates, the lowest band of free exciton (EE) 
slates, and the ground state (GSl the configuration 
coordinate /?. increasing to the left in the abcissa axis, 
represents the separation between a pair of adjacent 
fluonne ions 

lattice value in Fig. 2. where the ground 
stale (GS) potential has its minimum, a per- 
turbation potential arises which scatters 
exciton state solutions of the rigid lattice 
Hamiltonian. As R decreases below /(,. a 
bound stale of the perturbation potential or 
self-trapped exciton slate STEl breaks ofl" 
from the continuum of scattered or ‘free’ 
translational states of the exciton. We have 
denoted these latter states by the FE shaded 
band in Fig. 2. The STEl exciton state rela.xes 
to an equilibrium at /?,.. Wave functions for 
the translational motion of the FE states are 
spread throughout the solid while that for the 
STEl stale is localized in the vicinity of a given 
pair of fluorine ions. A second self-trapped 
exciton slate STE2 is indicated in Fig. 2 to 
illustrate the possibility of higher energy 
bound states of the perturbation potential 
(e.g. see (9J). That a minimum finite distortion 
is required to self-trap the exciton is a conse- 
quence of the basically short range nature of 
the potential [10], The square well potential 
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or ‘particle in a box’ problem is a useful analogy 
to consider in this regard. The value of R,. is 
approximately determined! 1 1] when the in- 
crease in the molecule binding energy 
associated with the change in R from /Jpi. to 
R, just exceeds (but with opposite sign) the 
energy required to localize the excilon motion 
wave function on a pair of ions (which is 
spread throughout the solid up to that point). 
The latter localization energy is a consequence 
of the uncertainty principle which indicates 
that localization in position implies delocaliza- 
tion in momentum with kinetic energy in- 
crease. Similar models have been discussed!?) 
and detailed! 12) before in different contexts. 

I he above discussion indicates the type of 
distortion which can easily (i.e. without ex- 
cessive increase in CIS potential) produce the 
low energy transitions of interest here. In 
effect, the short wavelength phonons which 
chtinge the sepiiration between adjacent b 
ions are singled otil as most important in the 
evaluiition of k. We further assume for simplic- 
ity that the ground state distortions which 
produce (he localized excitons at low energy 
are few and far enough between on the aver- 
age that cooperative elfects between different 
distorted regions can be ignored. We are now 
in ;i position to take over much of (he theory 
for the optical properties of impetiections in 
the simplification of equation (2)|l.f!. We (I) 
treat each distorted region as an isolated im- 
purity, (2) take f'ig. 2 as the appropriate single 
configuration coordinate diagram. (3) make 
the Adiabatic Approximation for 1/ > as well 
as I, go >, so that 

U’a > = ijjjT.R]x,iJR} 

ly ^ = 'i'STKI ff' ?^)XSTKI 

where r represents the electronic coordinates, 
R is the configuration coordinate of Fig. 2. and 
y refers to a vibrational state of the STF.l 
potential in Fig. 2, (4) employ the Condon 
Approximation, and (5) apply the classical 
approximation Esrsi.y EsmiR) for the 
highly excited vibrational states in the trans- 


itions of interest [1 2). The final expression for 
k(K, /3) in the wavelength region of Fig. I is 

a r* J 

S^^-E,r,,(R) + E„a) 

= A *7/1 Z()3 ) ' £„ exp (~/3E,J 

‘ (■’fa) 

where R„ is defined by 

|£.STK.(/^a)|'' (3b) 

and fsTKi rs the derivative of Estki evalu- 
ated at /?„. It is seen that the a'th transition in 
equation (3) for a given wavelength can be 
represented by a vertical (arrowed) line at 
R„ as in Fig. 2. where three types of transi- 
tions arc shown, labelled ©. O, and ®. Type ® 
tran.sitions contribute to the main absorption 
peak, but types © and (5 transitions contribute 
at the lower energies under consideration. 

There are two conflicting dependences in 
equation (3). The temperature dependence 
clearly favors small a transitions (e.g. the O 
transitions in Fig. 2). This is especially so fol- 
low temperatures; e.g. Z(/3 exp (-/3£'„„) 
^ 6„,o as d On the other hand, the fac- 
tor |x,;(,(??,,)|' is especially large for those 
large a transitions with near the classical 
turning point, i.e. E„„ ~ E,i(R„). Flence, these 
large o transitions (e.g. the (3) transition in 
Fig. 2) are favored at high temperatures. 

We would like to distinguish between two 
different cases for the critical distortion 
R, in Fig. 2: in Case 1 it is small, and in Case 
2 it is large. We are interested in a wavelength 
on the low energy side of the exciton peak 
position, so that, e.g, the ® (small a) and (3) 
(large a) transitions in Fig. 2 are under con- 
sideration. The /?„’s associated with 0 transi- 
tions are clearly farther into the tunneling 
region beyond the classical turning point for 
Case 2 than for Case 1 , and we therefore ex- 



TEMPERATURE DEPENDENCE 


l()45 


pect that ® transitions (near the classical 
turning point) are relatively more important in 
Case 2 than in Case I for a given temperature. 
This can be seen in more detail if we invoke 
the Harmonic Approximation [2] for the GS 
curve and note that Then 


X(/,rt+ 1 1 ^aF |) 

2 1 



" 2(a-f 1) 

HjyRj 


where H„ is the fl’th order Hermite poly- 
nomial and y is a parameter related to the 
curvature of the GS potential (e,g. see pp. 66- 
76 in [10])' For a = 0, is well beyond the 
classical turning point in Fig. 2, and the dom- 
inance of the highest order terms of the H„ 
and //, polynomials makes the above ratio 
larger in Case 2 than Case I. This reasoning 
can be extended for a = 2 compared to « = I, 
tt = 3 compared to « = 2, etc., and as a in- 
creases R„ gradually approaches the classical 
turning point for some larger in Ca.se 2 than 
in Case I. From these considerations and 
equation (3), one would expect that as the 
temperature increases above absolute zero 
the o = 0 transition loses predominance soon- 
er. and successively higher a transitions be- 
come important more rapidly in Case 2 than 
in Case I . Hence the curve of A,.„ vs. tempera- 
ture (as in Fig. 1) should remain flat for a 
smaller temperature range, and then rise more 
rapidly with temperature in Case 2 than the 
corresponding curve in Case 1 . 

A quantitative specification of the configur- 
ation coordinate curve in Fig. 2 depends in a 
complicated way on the characteristics of 
each solid, and .so it is .somewhat risky to in- 
terpret the fluoride data of Fig. 1 in terms of 
Fig. 2. For the present discussion, however, 
we simply lean on the experimental evidence 
[3,8,9] that the F/, center and seif-trapped 
exciton for a given halide have, for the most 
part, an identity largely independent of the 
host material. Then it seems plausible to as- 
sume that the most important variation in 
going from one fluoridd to another is in R|.|- 
R( . This critical distortion is expected to be 


large in solids where /fp,, is large to start with, 
so that the increase in molecular binding of 
the F./' molecule, associated with the two- 
center overlap of F" valence orbitals, can 
overcome the localization energy. From the 
observed crystal structure [14] it is found that 
the nearest F- F separation /?i-l is, in increas- 
ing order: 2-57A for MgF^, 2'73A for CaF.>, 
2-84A for l.iF, and 310A for BaF..,. One 
would predict that Rnr^^c increases in the 
same order, and therefore that the steepness 
of the rise of the A,.„ curves beyond their flat 
portions in Fig. I should increase in this order. 
This is, indeed, the pattern exhibited in Fig. 1. 
Furthermore, the comparison between CaF^, 
and BaFj is attractive since both have the 
same crystal structure. The temperature at 
which A,.„ begins its rise in Fig. I is less for 
BaF.j than for CaF.. Our model is thus con- 
sistent with Fig. 1. It also seems consistent 
with other optical data for the alkali halides, 
although this is a preliminary result. 

The l..aF:i data in Fig. 1 is clearly anomal- 
ous with A,.„ showing no variation with tem- 
perature. The crystal structure shows a 
hexagonal unit cell with a basis of two La'*’ 
ions, two F(l) ions and four F(2)‘ ions] 14). 
This unusual notation] 14] is to label the two 
non-equivalent types of F ions, and our point 
ion calculations indicate that the highest val- 
ence band is principally associated with the 
Ft 2) ions. We see no indication that IT- cen- 
ters should not be associated with these ions, 
and so we hypothesize th;it the LaF;, data is 
impurity controlled, as seems supported by 
other experimental evidence in (1|. Further 
experiments on pure specimens would he 
helpful. 

3. METHOD FOR TREATINti COX AI.ENT EFFECTS 

If one were to assume that oxygen plays the 
same role in AI.O.., and SiO,. as fluorine did in 
the preceding analysis, one would first note 
that the nearest 0-0 separation is 2 49A in 
Al.,0;i and 2'60A in crystal quartz, and then 
predict that the Al.O;, curve should rise less 
steeply than the SiO. curves in Fig. 1 . Quite 
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the opposite behavior is ohserved. Indeed, 
the preceding model is not expected to apply 
directly to these solids, where covalent AI-0 
and Si-0 bonding effects are important, and 
we shall develop interpretations for the as- 
sociated transitions accordingly. 

In solids like the fluorides, alkali halides, 
rare gas solids, and other ionic crystals, the 
valence states have a simple correspondence 
to states of an isolated atom or ion. For exam- 
ple, in solid xenon the highest valence bands 
arc quantitatively well described by the tight- 
binding method, where the Bloch functions arc 
almost entirely composed of Xc 5p atomic 
orbitals! 1 5]. Occurring at lower energies is 
the .‘^.s-likc valence band. In covalent solids 
one finds strong mixing between valence or- 
bitals at the atomic level, and the tight-binding 
method is no longer applicable. In its place 
one utili/.cs sp. id. and pd hybridization to 
pile up electronic charge between each ad- 
jacent pair of atoms forming a bond, and the 
equivalent set of basis orbitals thus formed, 
in conjunction with the approximation of 
weakly interacting hydrid orbitals (small 
overlap) in different bonds, can be and has 
been successfully used to order and interpret 
the valence levels of molecules in I.CAO- 
MO theory [16|. Diatomic molecule concepts 
are thus brought to bear, and Walsh|17| has 
applied these simplifications to an interpreta- 
tion of the energy levels and spectral transi- 
tions in polyatomic molecules. The extension 
to covalent solids is natural, and we shall em- 
ploy it to interpret the electronic transitions of 
SiOj and Al.,0,(. After going through these 
applications of the method, where further ex- 
planation is found, the reader may want to sec 
in somewhat greater detail how the method 
works for the relatively well understood telra- 
valent elements having the diamond structure 
in Appendix A. 

4. INTERPRETATION FOR FUSED AND 
CRYSTAL QUARTZ (SiO,) 

Both the fused quartz and crystal a-quartz 
forms of SiOj consist of Si tetrahedrally 


bonded to four 0 atoms, each O atom being 
common to (‘bridging’) two such Si 04 tetra- 
hedra. Hence, each O is coordinated to two 
Si atoms and six O atoms, which are at re- 
spective distances of Fbl A and 2-60-2'67A 
in the a-quarlz crystal! 1 4J, and the next 
neighbors beyond this are about 3 -4 A distant. 
The Si-O-Si bond angle in the crystal is 144°, 
but if IS found! 18] in random network theory 
to vary over a range of about 40° with a mean 
value of about 1 .30° in fused silica. 

Orthogonal hybrid orbitals for each atom 
sugge.st Ihem.selves in connection with the 
well known maximum overlapping criterion 
for bond strength and the approximation of 
small overlap between hybrid orbitals in dif- 
ferent bonds, which simplify this complex 
problem. Our choice of hybrid orbitals, formed 
from the 3.^ and .3p valence shells of Si and 
the 2,v and 2p valence shells of 0, is: (1) the 
four (,ip^) tetrahedral orbitals on each Si, each 
directed toward a neighboring 0, and (2) four 
orthogonal hybrid orbitals on each 0, two of 
which are directed toward the two near Si 
neighbors and the other two of which are dir- 
ected away from this pair of atoms. It is then 
natural to isolate an Si-O-Si molecular unit,* 
which is depicted in Fig. 3, and relate it to the 


z 



tip. t iwrdinale syslom anil niilalion used lu describe 
the Si-O-Si molecular unil. The subwripls (I) and (2) 
arc used to distinguish the two Si atoms, and the bond 
angle is denoted by a. The X axis i.s perpendicular to the 
plane of the molecular unit. 


’Essentially the same molecular unit was isolated by 
M C. M. O'Brien fPror. If. A'of. A23L 404 (I95.S)1 in an 
analysis of color centers in quartz, which has features in 
common with Ihe present analysis. 
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rest of the solid in a manner similar to that 
used by Walsh [1 7] for polyatomic molecules. 
Since Walsh treats triatomic molecules, we 
have chosen our coordinate system in Fig. 3 
and the notation below to correspond to his, 
for comparison’s sake. In this coordinate 
system, the orthonormal hybrid orbitals on the 
0 atom are found in terms of the bond angle a 
tube: [191 

~ (cottt/2)p,] 

^■, = V<H{2-csi:^al2y‘^s+p, 

-(cota/2)pj] 

4)j = (cot a/2)s + (2-csc*a/2)‘'% 

-Pr (90“ e a SS 180°). 

Here is directed toward the Si,,, atom and 
overlaps very strongly with one of its tetra- 
hedral orbitals (and weakly with the others), 
denoted by (4p*)|. The same is true of <(>■, as 
related to Sija, with (sp^)^ thus defined. if>:, is a 
lone pair orbital in the plane of the molecule 
pointing away from the silicons in the +z dir- 
ection. (fri is a lone pair orbital directed out of 
the plane of the molecule. 

We obtain an LCAO-MO determination of 


the valence bands of solid SiO.> by; ( I ) first 
considering the strong mixing of d), with (.vp''), 
and <j>.j with (sp^fi in a localized bond approxi- 
mation (cf. [16], pp. 72-75), (2) next consider- 
ing the weaker mixing (because of smaller 
overlap integrals) of the two bond orbitals 
with each other and d>,„ and (3) finally includ- 
ing the still weaker mixing of these orbitals 
and <j >4 in the Si-O-Si molecular unit with the 
remaining hybrid orbitals, which are outside 
the molecular unit. In this manner, successive- 
ly smaller perturbations are treated in steps, 
and the effect of the perturbation in one step is 
to split and/or shift somewhat the levels found 
in the preceding step. To treat step (3) in de- 
tail is. of course, a major undertaking, but its 
effect is to replace each discrete level at the 
end of step (2) by a quasi-continuous band of 
energies. This is similar, for example, to the 
replacement of the 5,v and 5p levels of atomic 
xenon by the 5.r-like and 5p-like energy bands 
in solid xenon(15]. The above steps are car- 
ried out in Fig. 4, From left to right; the one 
electron energies of the atoms are indicated 
approximately to scale as determined from 
the experimental ionization energies! 16); the 
hybrid atomic orbitals defined above are 



Fig. 4, Qualitative dcierminalion of the valence bands of crystal 
quart/ (sec text). 
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formed with corresponding energy changes, 
which are indicated approximately to scale in 
Fig. 4 for a - 144”; the strong mixing of step 
(1) is depicted with the formation of Si-O 
bonding orbitals (/>(,' and in the approxima- 
tion of localized bonds (the Si-0 arttibonding 
orbitals he ofl' scale); step (2) is performed 
with the level designations being the irreduc- 
ible representation labels of the symmetry 
group r., of the molecular unit; and finally, 
the energy band formation of step t2) is in- 
dicated. One Si valence electron is associated 
with each of {sp'-'], and (.vp-'V, and each O 
atom contributes 6 valence electrons. Conse- 
quently, these 8 valence electrons completely 
fill the valence levels as shown in Step 2 of 
Fig. 4; likewise, ail the valence bands of this 
insulating solid are filled. Now and hence- 
forth, the indicated energy scale locates the 
energies of the atomic hybrid orbitals and 
gives a qualitative handle on the energy separ- 
ations betw'cen I.CAO-MO valence bands 
(except that space limitation did not quite 
allow proper positioning of the lowest valence 
band with respect to the next higher one), but 
is otherwise not to be taken too seriously. For 
example, other effects left unaccounted for are 
partial ionic character of the bonding and in- 
teraction with extra-valency orbitals at higher 
energies, but these will very likely not affect 
the qualitative conclusions drawn from Fig. 4, 
as indicated by calculations on a great many 
molecules, such as FI.O(20|, for example, 
which resembles our .Si-O-.Si molecular unit 
in many ways. 

Among other conclusions which can be in- 
ferred from Fig. 4 (see Section 6), it is relevant 
here that the lower energy transitions origin- 
ate from valence bands principally associated 
with lone pair orbitals on the oxygen atoms in 
fused and crystal quartz. In particular, we 
argue in Section 6 that the observed [2 1] 
lowest energy reflectance peak in SiOa corres- 
ponds to an exciton, the hole orbital part of 
which corresponds to the highest valence band 
band edge, i.e., the hole orbital is principally 
associated with the oxygen Ip orbital directed 


out of the plane of each Si-O-Si molecular 
unit. One might suspect that trapped hole 
formation with associated self-trapped ex- 
citon effects would play a role in producing 
the low energy transitions of interest beneath 
the first exciton reflectance peak, similarly as 
described for the fluorides. The condition for 
this would be that the lone pair Ip hole orbital 
on one oxygen should overlap quite strongly 
with the corresponding Ip orbital on a nearby 
oxygen, so as to enhance the covalent bond- 
ing associated with self-trapped hole forma- 
tion. Inspection of the structure of o-quartz 
( 14] reveals, however, that this bond would be 
very bent and thus very weak, as far as the 
six nearest neighboring oxygens are con- 
cerned. The corresponding bond with the 
oxygens about .T4A away would also be very 
bent. One could think about mixing in states 
from the other oxygen lone pair orbital val- 
ence band at slightly lower energies; this 
w'ould not unbend the bonds with the six near- 
by oxygens at 2 ’6 A very much, but it definite- 
ly would unbend the bond with an oxygen 3-4 
A away. This large distance and the energy 
separation between the different lone pair 
oxygen orbitals might, however, make trapped 
hole formation through this mixing improb- 
able. Mixing in the Si-O bonding orbitals 
would unbend the nearby 0-0 bonds, but 
these orbitals are at such low energies as to 
make this mixing too small to be effective. 
Hence the possibility of self-trapped hole 
effects in the low energy absorptitrn of inter- 
est here can not presently be ruled out, but it 
seems that the critical di.stortion would 

be so large as to make this mechanism inef- 
fective compared to any competing proces- 
ses. Herein lies a major difference with the 
ionic solid fluorides. None of the F' Ip orbi- 
tals separate from the others very much in 
energy by participating in bonds, and hence 
are available to promote self-trapped hole 
formation. Indeed, at the valence band edge, 
assumed to be at I'( k = 0), these p orbitals are 
degenerate in LiF, CaF^, and BaFa for sym- 
metry reasons. 
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There is experimental evidence that the 
lowest exciton peak in SiOj lies above the 
threshold for the continuum of interband 
transitions (see Section 6). Then it may be 
that the low energy transitions of interest are 
phonon assisted interband transitions, which 
can lead to the observed temperature depen- 
dence in Fig. I, as discussed in Section I. For 
these processes a wide energy range of the 
phonon spectrum can contribute, which may 
explain the lack of a rather well defined flat 
portion for the SiO.^ curves in Fig, 1 , unlike 
the other curves. Of further interest in Fig. 1 
is that for fused quartz is almo.st 0 5eV 
lower than for crystal quartz, even though 
the lowest exciton peak positions[2ll are 
apparently much closer together. This may in- 
dicate the effect of static lattice disorder in 
fused quartz which produces lower energy 
inlerband transitions associated with especi- 
ally distorted local environments in the solid. 



t 

X AXIS 

Eig. 5. Slructiire of ihc molecular unit used to describe 
crystal sapphire (AfO,). Large spheres. Al; small spheres 
(). Heights of atoms are shown as multiples of r, the com- 
ponent of the trigonal system basis vectors l,. ij, ij along 
the z axis. The vectors l',. t\. r, are the components of the 
vectors /,. f,. I, in the xy plane. Numbers m parentheses 
are used to identify atoms isee text) 


5. INTERPRETATION FOR CRYSTAL 
SAPPHIRE (Al,0,) 

The preceding analysis for the valence 
bands of SiO;, can also be carried out for the 
more complicated case of Al.,0;|. In this (cor- 
undum) structure (22] each Al is surrounded 
by SIX O's, three at a distance of 1 -84 A and the 
other three at a distance of 1 -98 A. Thus, each 
Al is considered to bond strongly with three 
O's and weakly with three O’s. Each O is 
surrounded by four Al's, bonding strongly to 
two and weakly to the other two. The molec- 
ular unit which illustrates the central features 
of this structure, as well as the notation used 
below, is given in Fig. 5 (cf. Fig. 3-1.1 in Ref. 
[221). For Al.^0;,, /, = f^ = = .x = 2-74A and 
r = 4-33A. Each large circle in Fig. repre- 
sents two Al atoms, one on top of the other 
at the indicated height. 

The cartesian coordinates of A I atoms in 
the corundum structure are 

±I(0-5{ ,.x, 0 - 866 J 2 .V, ( 1 -065 -F i,,)r); 

(0'5{ ,.i , 0-866^.,j. (0'435 + i^)r)]. 


and the cartesian coordinates of 0 atoms are 


■(0-5(-0-909-Fi,)5. 0-866(0-303 ' 

( 0 - 75 + 

{0-5(0-909 4- C ,)j. 0-866(0-303 -F i.,)i . 

(0-75 + ^,)r); 

(0-3{,s. 0'8()6(-0-(>0b-F {j),v. (0-7.5 + 


where and (,i are any integers such that 
^i-F{.j is an integral multiple of two and + 
is an integral multiple of three. 

With reference to the identifying numbers in 
parentheses in Fig. .3. one finds that- Al(l) 
bonds .strongly to 0(4), 0(.3), and 0(6), which 
in turn bond strongly to Al(3 ), Al(4), and Al(.^). 
respectively; both Al(l) and Al(2) bond 
weakly to 0(1 ). 0(2). and 0(3), each of which 
in turn bonds strongly to a pair of adjacent 
Al atoms at heights 0-935r and 0-.^6.V; and 
0(4), 0(5), and 0(6) each bond weakly to an 
adjacent pair of Al atoms at heights 0-.565r 
and -0-065r, superimposed in Fig, 5. Now if 
0(4), 0(5). and 0(6) sat at three corners of a 
regular tetrahedron with Al( 1 ) at its center. 
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the AI-0 distance would be I •76A instead of 
the observed I '84A. This is close enough that 
the {sp'-') tetrahedral hybrid orbital basis set ort 
each A1 atom is appropriate (and convenient), 
formed from the h and shells. The bond- 
ing (.vp'') orbitals on Al(l) are denoted by 
(.vp')|b and and the lone pair 

(AP'b orhilal on Al(l), which points in the r 
direction, is denoted by (.v/rb/. The three 
bonding isp') orbitals on Al(2) arc directed 
toward an equilateral tritingle of oxygen atoms 
at height l ^.^r (not shown); the lone pair 
t.vp'') orbital on Al(2), which points in (he — 
direction, is denoted by (sp ').\ I he particular 
(.vpb orbitals on Alt."'), Al(4), and Al(.5) which 
point toward 0(4), 0(,‘'), ;md 0(6) are de- 
noted by i^p\. {sp'h. and l.vb').-, respectively. 
On the othei' hand, if an oxygen atom sat in 
the middle of an equilateral triangle with the 
two strongly bonded Al atoms at two corners, 
the AI-O-AI bond angle and Al-O distance 
would be 120° and 1'8.‘>A, respectively, in- 
stead of the observed 1 10“ and I 'SdA. This is 
certainly close enough that the (s/^'./O trigonal 
hybrid orbital btisis set on each O atom is ap- 
propriate. foi’med from (he 2.s and 2p shells. 
The bonding l.vp-) orbitals on the /'th oxygen 


atc>m 0{i) (i = 4, 5. 6) are denoted by (.vp'Oi' 
and (.vp^),'', The lone pair (,vp^) orbitals on 0( 1 ), 
0(2). and 0(.4) are directed toward a point on 
the r axis midway between Al(l) and Al(2). 
and are denoted by (.vp^),. (sp'% and (sp%, 
respectively. Finally, the lone pair 2p orbitals 
on 0(1), 0(2), and 0(3), directed out of the 
planes of the (sp-) orbitals, are denoted by 
(p )i, (p ).. and (p )n. respectively. 

In the preceding paragraph, we have ex- 
plicitly defined a number of hybrid orbitals, 
in order to describe the various bonding ef- 
fects and thus deduce the valence bands of 
AbO:,. as was done for SiOj. This is carried 
out in Fig. 6. In the ‘hybirdization' step the 
eight Al(.vp'') orbitals defined above are re- 
ferred to. i.e. (.vpb,', l.vp'bi^ (.sp''*)/*. (.vp'Oi'. 
(.vp'')/. (.sp');,. ( .vp-*) 4 . and (sp'‘}s. The above nine 
Otsp-’) orbitals are also indicated, i.e. (sp'-)i', 
{sp-)p. (sp%'. (sp-):r, (i'P^lii'. (.S'P')fi^ (.VP^),. 
{.sp%, and (.\p-U- Also indicated are the three 
O lone pair orbitals, (p),. (p).,. and (p);i. In 
step I we consider the strong bonding effects 
separately associated with each of three iri- 
atomic Al-O-AI molecules, i.e. Al(l)-0(4)- 
Al(.l). Al(l)-0(5)-AI(4). and AI(l)-0(6)- 
Al(5). The hybrid orbitals involved in the 



Fig. 6. Qualitative determination of the valence bands of crystal 
sapphire (see text). 
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mixing in the AI(l)-0(4)-AI(3) molecule are, 
for example, (ap'’)i'. (.vp*)/. and 

{sp\. Hence, ij/, and (f), correspond to 
r/, and in Fig. 4 for this Al-O-AI mole- 
cule with ip 2 - d>2' 'p 3 - <l>:i having the 

same relationship for the other two Al-O- 
AI molecules. The lone pair orbitals, (,vp^),, 
(.vp-).., and (sp% correspond to </»;, in Fig. 4. 
and the lone pair orbitals (p),, (p), and (ph, 
correspond to ^>4 in Fig. 4. Actually Step I in 
Fig. 6 combines Steps I and 2 in Fig. 4. Step 2 
in Fig. 6 primarily takes notice of the fact that 
t.vp''),, (.vp^la, and (xp‘% rather strongly overlap 
(ip'-'},' and (.tp’’)/ orbitals midway between 
Al(l) and Al(2) in Fig. 4, thus leading to the 
weak bonds in AFO;,. In addition, weaker mix- 
ing with the other orbitals in Step 1 is ex- 
pected through their overlap in the region of 
the central aluminum atoms. The interactions 
in Step 2 are expected to be smaller than in 
Step 1 for two basic reasons: (1) the weak 
AI-0 bonds are somewhat bent in character, 
and (2) the Al 3.s and 3p atomic levels are 
much closer together than the O 2.s and Ip 
alomic levels, which, for example, apparently 
precludes the kind of splitting in Step 2 as 
found between i//, and 4>i levels in Step 1. The 
functions for each level in Step I transform 
into each other under the operations of the 
symmetry group C,,. which has a one-dimen- 
sional irreducible representation A and a 
two-dimensional representation F, We there- 
fore use these labels for the levels in Step 2. 
The discrete levels are replaced by bands of 
energies in Step 3 as before. Note that the 
mixing of the symmetric combination of the 
oxygen (.vp-) lone pair orbitals ((.vp-), -f (.vp-’F + 
(.vp“).,l with the symmetric combination of the 
aluminum (.vp'*) lone pair orbitals f(sp’'),^-l- 
(.vp'*)/] is principally responsible for the 
weak Al-0 bonding. The other combination 
[(■vp'')i''-(.vp'’F''], corresponding to is 
essentially AI-0 non-bonding with a small 
Al-AI antibonding effect and with weak re- 
pulsion from lower A levels, which is the 
reason why the empty conduction band associ- 
ated with A(.S) lies at relatively low energy. 


We shall discuss this a little further in the next 
Section. 

As found for SiO., the highest filled valence 
band is associated with the oxygen ip) lone 
pair orbitals. It is seen from inspection of Fig, 

5 that (p) orbitals on such adjacent pairs of 
oxygens as 0(1) and 0(6). which are 2-74A 
apart, overlap quite directly and might partici- 
pate in trapped hole formation. The (sp-) oxy- 
gen lone pair orbitals associated with the £(3) 
valence bands should help this out slightly. 
Hence, we would not discount this possibility 
as the operative mechanism, similarly as for 
the fluorides. Suggestive in this regard is a 
well defined fiat portion for the curve in 
Fig. 1. Of further note, despite the fact that 
the lowest exciton peak position in crystal 
sapphire (corundum) is about 9-5eV[231, 
while \t is about 10-4 eV in crystal quartz. 
121 1, the room temperature values in Fig. 1 
are reversed, corresponding to about K-7 eV 
in crystal sapphire and 8-3 eV in crystal 
quartz. This suggests something different 
about SiOj, such as we have indicated. 

6. TENTATIVE INTERPRETAnONS FOR SiO^, 
CeOj, AND Al;Oi SPECTRA 

Present understanding of the u.v. spectra 
for .SiO... GeO,, and Af.Oj is very preliminary, 
and so it may be useful to discuss possible 
interpretations of the associated transitions, 
based on the results we have found in Fig. 4 
and Fig. 6 and available experimental daf.i. In 
addition to doing this, further experiments for 
sifting out one or another interpretation arc 
suggested below. 

First we consider the results of measure- 
ments for the optical constants of fused and 
crystal quartz |2 1], Very similarly for both 
materials, four absorption peaks occur neai 
10-2. 11-7, 14-3. and 17-2 cV. In general, kuv- 
lying transitions originate from the higher 
valence bands. As part of the determination of 
the.se bands, it will be recalled that with the 
aid of hybridization concepts, the Si-O-Si 
molecular unit was isolated to describe the 
important bonding effects. The similarity of 



1052 


M. H RFll.l.Y 


thifi molecular unit to H.O was mentioned, 
where the (.vp'') orbital on each Si atom cor- 
responds to the h orbital of H in LCAO- 
MO theory. The electronegativity (Pauling’s) 
of H and Si are nearly equal, the maxima of 
the Si 3i and 3p radial functions are near 
the Bohr radius, and the 3.v and 3p energies 
lie below and above one Rydberg, respec- 
tively. (3ne might expect that the calculated 
valence levels of the H^O molecule|20] 
would be near tho.se for the Si-O-Si molec- 
ular unit, except that the H-O-H bond 
angle is 10.3° while the Si-O-Si bond 
angle in crystal quart/, is 144°. Hence, one 
expects H-H bondingand anti-bonding effects 
to be stronger than the corresponding Si-Si 
etfects, which is associated with a smaller 
separation between the lower ii, and k, levels 
in Fig. 4[17|. Furthermore, one expects from 
equation (4) that the separation between the 
oxygen lone pair orbital levels in Fig. 4 will 
be no larger than for H,.,0 (where it is approxi- 
mately l•4cV|20|l, and that the oxygen 2.v 
admixture in the Si-O bonds will be greater 
than in the H-0 bonds. The separation be- 
tween hf and h-. levels in Fig. 4 is thus e.x- 
pected to be greater than the 7 eV calculated 
for H 20 ( 2 () 1 , which gives us some confidence 
in our estimate that at least the three lower 
energy absorption peaks principally involve 
the oxygen lone pair hole orbitals. This differs 
from Ruffa's interpretation, which considered 
the lowest transitions to involve bond-break- 
ing in a valence bond approximation [26J. Sak 
has previously noted the probable importance 
of oxygen non-bonding hole orbitals in the 
lowest transitions in a Private Communication 
[27J. 

At present there are no band calculations of 
quartz to assist the identification of excited 
electronic stales, but the results of several 
optical experiments suggest certain character- 
istics of the excited state transitions with 
which we shall be concerned here. As em- 
phasized by Phillip[2I], the u.v. reflectance 
spectra of fused and crystal quartz [2 1 , 27 1 are 
strikingly similar, despite the lack of long 


range order in the former, characterized by 
large variations in the Si-O-Si bond angle. 
This is particularly so for the two lowest peaks 
at 10'2 and 1 1 -7 eV, and since we have associ- 
ated them with oxygen lone pair hole orbitals, 
we would be inclined to guess that the Si 
influence in the associated excited electron 
.states is .secondary. For example, the excited 
electron state for the electron hole pair is 
probably not Si-0 anlibonding. One might 
guess that the 10-2 eV peak is a transition to 
an exciton state at F in the crystal, with the 
hole orbital corresponding to the oxygen 2pj- 
orbital in Fig. 3 and the electron orbital re- 
sembling the oxygen 3s orbital. This kind of 
transition would not be expected to change 
very much in passing to the glassy material. 
Two possibilities for the 1 1 -7 e V peak are that 
It corresponds to the band to band transitions 
associated with the 10-2 eV exciton in the 
Wannier model, or that it corresponds to the 
oxygen 2p-3<f exciton transition suggested by 
Pajasuva[27]. Platzoder’s datal28] is inter- 
esting in this regard; he finds that the I0 2 and 
ll-7eV peaks strangely disappear into the 
background (instead of showing the typical 
broadening) as the temperature increases 
from about 0-300"(', while the 14-3 and 17-2 
eV peaks remain unchanged in this tempera- 
ture range. Although this ‘disappearing’ with 
temperature phenomenon seems not to have 
previously been studied theoretically, it may 
indicate a thermally enhanced instability of 
excitons degenerate with band to band (inter- 
band) transitions. Hence, we consider this as 
evidence that the 10-2 and 1 1 -7 eV peaks are 
excitons degenerate with inlerband transitions, 
This suggests that the lowest conduction band 
edge of the crystal is away from F in the 
Brillouin Zone. It could be that the 1 F7eV 
peak is an exciton associated with the .same 
conduction band as the I0'2eV exciton, but 
with the other oxygen lone pair hole orbital 
valence band (a, in Fig. 4). It was found by 
Sigel(29] that, upon varying the alkali con- 
tent of alkali silicate glasses, the 1 0 3 eV peak 
position was drastically eflTected, while the 



TEMPERATURE DEPENDENCE 


1053 


1 1 '7 eV peak position was not. This may be 
the result of the alkali (/?) ions locating them- 
selves on a line perpendicular to and sym- 
metrically placed with respect to the plane of 
the original Si-O-Si molecular unit IR^O 
replaces one of the Si atoms). The other oxy- 
gen lone pair orbital in the Si-O-Si plane may 
then not be affected too much, since the alkali 
ions would be approximately in its nodal 
plane. On the other hand, this particular piece 
of evidence may not be inconsistent with the 
above interband transition interpretation for 
the 1 1 -7 eV peak. As another result of Sigel’s 
work, the peak labelled A in Platzoder’s Fig. I 
[28| may well be associated with a single non- 
bridging oxygen defect[29, 301. 

Since GeO., has a structure isomorphic to 
crystal quartz[3ll, it seems appropriate to 
suggest a possible interpretation for its 
glassy and crystal u.v. spcctra[27J. The princi- 
pal characteristic of the reflectivity spectra of 
the glass are two broad peaks at 6-6 and 10-7 
eV. The crystal spectrum shows a three- 
component structure in the 6 6 eV peak, but 
IS otherwise very similar. The lowest energy 
component near 6eV is apparently directly 
associated with the impurity (32, 30], 

while no interpretation of the other two com- 
ponents has previously been suggested. These 
are a peak near 6-6 eV and something that 
resembles a shoulder near 8-3 eV. We propose 
that the 6-6 and 10-7 eV peaks in the crystal 
spectrum correspond to I' exciton transitions 
associated with the same conduction band but 
with the two different oxygen lone pair orbital 
bands, similarly as for the above proposed in- 
terpretation of the 10-2 and 1 1 -1 eV peaks in 
SiO,. The fact that the oxygen lone pair orbi- 
tal in the plane of the Ge-O-Ge molecule 
would have to be a few eV more removed from 
the out-of-plane oxygen lone pair orbital than 
was the case for SiO^ is not inconsistent with 
equation (4) for <]);, and the fact that the Ge- 
O-Ge bond anglel31] is only 130° (hence, 
more s admixture in the in-plane orbital). The 
shoulder-like component'at 8-3 eV in the crys- 
tal GeO.2 reflectivity spectrum looks suspici- 


ously like an Van Hove singularity in the 
interband density of statesl33], and we take 
this as evidence that the 6-6 eV peak is an 
exciton degenerate with interband transitions, 
similarly as for SiO.^. The fact that this 8-3 eV 
structure almost disappears, merging into the 
tail of the broad 6-6 eV peak in the glass 
spectrum, could result from the disappearance 
of long range order in the glass. It may be, 
however, that the 8-3 eV structure has the 
same interpretation just given for the 10-7 eV 
peak. 

Finally, we would like to comment on the 
u.v. spectrum of crystal and anodized films 
of Af,0:,f23]. An exciton is found at 8-4 + 
0-3 eV in the amorphous film and 9-5 ±0T 
eV in the crystal. The associated interband 
transition edge is found at 9-4±0'4eV in the 
film and 9'9±01eV in the crystal. Note- 
worthy is that the exciton peak and interband 
edge arc much broader on the energy scale in 
the film than in the crystal, and the exciton 
peak position is 1 eV lower in the film than in 
the crystal. This is unlike the case for the 
materials previously discussed. For the mo- 
ment, we can only hypothesize that, with re- 
spect to Fig. 6. the exciton and interband 
transitions in question are associated with the 
highest £(4) valence band and the lowest 
/I (.3) conduction band. The low-lying /I (5) 
conduction band, principally associated with 
the aluminum valency shells, had no counter- 
part in SiOj and GeO., and we might expect 
it to be quite drastically affected in passing 
from the crystal to the amorphous material. 

The above interpretations of spectra are 
frankly heuristic; there are certainly other 
possibilities not covered here. It is hoped that 
the above may be a stimulus for further experi- 
mental and theoretical studies. One may ex- 
pect to gain much information about the 
symmetry of orbitals involved in the lowest 
transitions (e.g. the oxygen lone pair 2p val- 
ency orbitals) by doing piezo-optical and pol- 
arized light experiments, once the difficulties 
of obtaining u.v. polarized light are overcome. 
One way of verifying the interpretation of 
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excitons degenerate with interband transitions 
is through photoconductivity measurements 
1 3], Luminescence excitation spectra may also 
turn out to be helpful in this regard [3|. 

7. t ONCLtSIONS 

The temperature dependence of the short 
wavelength transmittance limit for the 
ionic fluoride window materials is found to be 
consistent with a model which describes the 
onset of absorption as due to the creation of 
localized excitons in momentarily thermally 
distorted regions of the crystal. These ex- 
citons are identified with the F./ molecule + 
excited electron system. The anomalous data 
for LaF;i, however, are tentatively interpreted 
to be controlled by the presence of impurities 
in the sample studied, 

To explain the oxide data for A,,, vs. tem- 
perature, new interpretations for the funda- 
mental excitations in this wavelength region 
were formed with the assistance of experi- 
mental data and according to the results of an 
I..CAO-MO ordering and interpretation of 
valence bands ( ovalent effects are found to 
be important, and. in particular, the relevant 
transitions are expected to ongintite from tin 
oxygen lone pair orbital valence band for each 
of the oxides. While the preceding model for 
fluorides may well apply with extension to 
the synthetic crystal sapphire data, as we 
have discussed, this mechanism is not found 
to be as plausible for the fused and crystal 
quartz data. Instead, the evidence here seems 
to indicate that phonon assisted inierband 
transitions give the temperature dependence 
of A,.„. 

The method developed and employed here 
for the LC AO-MO determination of valence 
bands should be advantageous for a wide 
variety of complex solids where covalent 
bonding effects are important. Little more than 
ohserved or calculated one-electron energies 
and straightforward hybridization concepts 
are required to systemmatically isolate a 
molecular unit and semiquantitalively de- 
scribe the gross covalent effects in the solid. 


Comparison of these molecular units with 
similar molecules on which calculations have 
been performed (e.g. Si-O-Si compared to 
H jO) could probably be used for estimates to 
even better advantage than we have done 
once this idea has been further explored. 

In the proces.s of obtaining valence bands 
for SiOa and ALO;, and surveying available 
optical spectra for these oxides and GeO^, 
which has a structure isomorphic to SiO., 
tentative, new interpretations of these spectra 
arise, and are given in the preceding Section. 
The spectra for both the crystal and amor- 
phous forms of these oxides are considered, 
and certain optical effects are identified with 
the destruction of long range order in going 
from the crystal to the amorphous material. It 
is hoped that these interpretations will serve 
as guidelines for further experimental studies, 
which stand to provide not only specific in- 
formation about these solids but also general 
information about the physics of amorphous 
materials. 
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APPENDIX A 

In the tetravaicnl elements each atom is tetrahedtally 
coordinated to four neighboring atoms, and the smallest 
molecular unit which eshibits the bonding effects is the 
bixiy-ccnlcred ictrahedron consisting of five atoms The 
appropriate minimal set of hybrid orbitals includes ( H the 
four (sp') tetrahedral orbitals on the central atom which 
point toward the neighboring atoms, and 12) the tetrahed- 
ral orbital on each neighboring atom which points toward 
the central atom We denote the tetrahedral orbital on the 
central atom which points toward the y'lh neighbor by 
tip')' (j- I, - 4). and we denote the tetrahedral orbital 

on the ;'lh neighbor which points toward the central alom 
by (sp 'l,. thus making a total of eight hybrid orbitals The 
stepwise piocedurc for obtaining valence and conduclion 
bunds associated with these valency shell orbiials is 
shown in Fig. 7. Here we first indicate the s and p atomic 
valency levels, as before, and next indicate the energy of 
the tsp') orbital, which is defined by its expectation value 
of atomic Hiimiltoniiin F(vp’) = 0-25F(i)-(-0 T.Sfctp I In 
•Step I the four bonding orbiiaK Ad j) and four antibond- 
ing oibitals A„(/) ( t “ I. 2. 3, 4) are formed m a liKali/cd 
bond approximation. Lor Ihe/lh bond, forexample. these 



Fig. 7. Qualitative determination of the valence and low-lying con- 
duction bands of tetravalent elements having the diamond struclure. 
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are isp')’±{.\p-'),, up lo a normalizing laetor. where the 
upper and lower sign possibililies arc loi ^>*1/' und 
respectively Each of these sets of four orbitiiK forms a 
reducible represenlalion of the lelrahcdral group 7.,, the 
irreducible componenl representations of which are A, 
(l-dim ) and 7,.(l-dim )|24| Ihis explains the splittings 
and labels m Step 2 Since an ,t function transforms asz/| 
and the three degenerate p functions transform at 
one may view each splitting m Step 2 as a decoupling of a 
and p functions on the central atom. Also included in this 
splitting is a bonding etlect among nearest neighbors 
for A, and a small anti-honding elfecl among these same 
atoms for /.. In Step 3 we lake account of the mutual re- 
pulsion between levels of the same symmetry, which has 
the effect of partially decoupling the central atom from 
Its neighbors, thus taking account of other internal effects. 


In Step 4 each discrete level is replaced by a continuous 
band of energie.s. which has the effect of inserting similar 
coupling of the minimal set of hybrid orbitals we have 
u.scd to the rest of the solid. 

The above discussion and Fig. 7 correspond quite well 
lo past inlerpretation.s of results of band structure cal- 
culations for tetravalent elements (see. e.g. |221. pp 272- 
8(11 Actually, Fig 7 corresponds most closely to the 
results for Ge(25| As one goes from Ge to Si and C, the 
icpulsion between A, levels m Step .3 of Fig. 7 becomes 
grcalei relative to the repulsion between T, levels, in 
making the correspondence lo calculated resultsl2.5|. 
This IS correlated with the relatively stronger overlap 
between ,t orbitals m Si and C, I n C the calculated atomic 
2.\ oibilal even has Us maximum beyond the 2p orbital 
maximum 
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THE CRYSTAL STRUCTURE AND MAGNETIC 
SUSCEPTIBILITIES OF MnNb,S6, FeNbA, CoNb^Ss 
AND NiNbjSs 

K. ANZE^HOFER, J. M. VAN DEN BERG*, P. COSSEE and J. N. HEIXE 
Koninklijke/Shell-Laboratorium, Amsterdam, Holland 

(Receivedll June \969: in revised form H November l%9) 

Abstract-The crystal structures of the ternary compounds MNb,S,. (M = Mn. Fe, Co. Ni) have been 
refined and their magnetic susceptibilities measured using single-crystal samples. With the values for 
the magnetic parameters a consistent theoretical picture of the electronic structure of MNb,Ss was 
derived. 


1. INTRODUCTION 

In the course of our investigation of the 
ternary transition metal sulfides Mj-NbSa and 
IVIjTaSa it was found that extra metal atoms M 
can be inserted into the octahedral holes 
between the prismatic layers of NbS^ and 
TaS 2 [l]. At x = i the compounds MNb;,S« 
and MTai,S|j were found with an ordered 
distribution of the extra metal atoms. Their 
structure was determined using X-ray diffrac- 
tion intensities collected from powder samples. 
Figure 1 shows this structure with all the 
relevant information included. There are in 
principle three different octahedral holes 



Jig 1. Projection of the cry.stal structure of Mei,jNbS... 
ulong the r axis. = Original NbS^ cell; #=5; 

0 = Nb;'’= Me 


"^Present address: Belt Telephone t,aboratories, Mur- 
ray Hill. N.J. 07974, U.S.A. 


available in the space group P 6-^22 with the 
following position parameters. 



X 

y 

Z 

(2b) 

0 

0 

1 

(2c) 

i 


1 

(2d) 


J 

1 


The structure analyses described in Ref. |]J 
showed position (2c) to be the most probable. 

The magnetic susceptibilities of MNbaSg 
obtained from the powder samples could 
reasonably be described with the Curie-Weiss 
formula 


Most compounds, however, contained oxide 
impurities. This was reflected in the term Am 
which in some cases contained an excessively 
high positive contribution. 

It became apparent that a detailed and 
unequivocal description of the structure and 
accurate magnetic parameters could be 
obtained only from measurements on pure 
samples. So, when we succeeded in preparing 
crystals of MNbjSfi by means of iodine vap- 
our transport, both structural and magnetic 
investigations were repeated. The results 
obtained are presented in this paper and com- 
pared with those of the powder measurements. 
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With the much better values for the magnetic 
parameters a consistent theoretical picture 
can be given of the electronic structure of 
these compounds. 

2. PREPARATION OF .SINGLE CRYSTALS 
Single crystals of MNb:,S,i were grown by 
vapour transport reactions with iodine at 
950-8()0°C. The ternary sulfides were ob- 
tained as a powder by heating the elements in 
the right proportions at S.'iOT for 80 hr. 
After 16 hr the reaction was interrupted fora 
homogenization by powdering. The powder 
finally obtained was used for growing the 
single crystals according to the following 
procedure. 2 5 g of the powder was degas.sed 
in a quartz ampulla of .50 cm'' at .550T in a 
vacuum of 10 ''torr for 1 hr. After 0-5 g of 
sublimed iodine htid been tidded in a drying 
cabinet, the ampulla was sealed and heated in 
a Ihrce-zonc oven according to Kershaw etn/. 
121. The oven consisted of a quartz tube of 
.50 cm length and .T5cm dia. and three inde- 
pendently regulated Kanlhai A heating ele- 
ments. By keeping the ends of the oven at 
9.50T and the centre at 800°C', the compound 
was transported to the middle of the oven. The 
single crystals formed in this way were flakes 
of hexagonal shtipc with a maximum diameter 
of 5 mm and a thickness varying from about 
0-05to0'4mm. 


3. COl.LECTION AND CORRECTION OF X-RAY 
DIFFRACTION INTENSITIF.S 
The intensity measurements were carried 
out on a Nonius automatic three-circle dif- 
fractometer with Zr-fillered Mo Ka radiation 
by scan. The crystals used for diffracto- 
metry were hexagonal prisms with dimensions 
<1, and 4 given in Table 1. The reflection 
pattern consists of two groups with syste- 
matically different intensities ( 1], viz. 

(a) the very intense ‘basic’ reflections due to 
NbS^. They do not contain extra-metal 
contributions and for their indices the 
relation h-k — 3n holds; 


(b) the less intense ‘extra’ reflections due to 
the extra metal only. 

The crystals were rotated on the diffracto- 
meter about the lOTo axis. Though only minor 
absorption corrections are to be expected 
under such conditions, the scan of an hOO- 
reflection throughout the azimuth range of In 
yielded the typical picture shown in Fig. 2. 



Fig 2. ('ryslal poMlion. 


This suggests that the MNb.jSfi crystals are 
rather perfect, the reflection intensities being 
alfected by primary extinction. In addition the 
split-up of intensities into Ka, and Kaz peaks 
at a 6 of as low as 20° equally illustrates the 
perfectness of the crystal.s. To converl the 
measured intensities into values which 
are as reasonably as possible proportional to 
the .squares of the corresponding structure 
factors, we first extrapolated the intensities 
to a value which would have been measured 
at y>(/ = /ran*)- Then we applied a crude 
absorption correction factor for spherical 
specimens, using an effective absorption co- 
efficient whose magnitude was estimated from 
the decrease of increasing fl. 

As each of the two different groups of 
reflections needs its own correction scheme, 
the main problems were 

( 1 ) to give the right (^-correction (to obtain 
reasonable anisotropic temperature factors): 

(2) to keep the two correction schemes for 
each compound on the same scale (to get 
reasonable occupation numbers for the extra 
metals). 

All information relevant to data correction 
is presented in Table 1. 
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Table 1 . Crystal data and constants essential for the correction scheme 


Extra 

Cent 

Crystal 

^ouix/^mln 

/ mai 




metal 

constants 

size (mm) 

extra reflections 

basic reflections 

^miii 

N 






too 

.500 

100 

600 




a 

(• 

4 , 

d. 

(« = 4-l) (« = 20-8) 

{»= 12-1) 

II 

'Ua 



Mn 

5-782 

12-629 

0-25 

045 

1-6* 

1-5' 

1-5* 

1-1* 

14° 

216 

Fe 

5-761 

12-201 

0-25 

004 

.1-5 

2-5 

5 0 

4-4 

10° 

204 

Co 

5-768 

It -886 

0-40 

0-15 

4-0 

1-0 

6 5 

6-0 

14° 

278 

Ni 

5-7.58 

11-897 

o-.to 

0-15 

.1-5 

1-0 

5-5 

4-8 

10° 

248 


is ihe minimum value of 0. below which basic reflections are omitted from refinement. 

N i.s the number of reflection.s involved in refinement. 

*For this compound the position of Ihe minimum intensity was not the same for all rotation axis 
reflections. 

tThe cell constants were taken from Ref. [1]; their accuracy is±0 (H)l A. 


4. STRUCTURE REFINEMENT 

All refinement calculations were carried out 
with the ORFLS program by Busing and Levy 
[3]. The successive calculations for each 
structure were: 

(a) Refinement of z(Nbi), xyziS), and the 
three occupation numbers of the extra metal 
positions. The scale factor and overall tem- 
perature factor were adjusted. 

(b) From the -factor obtained in this way a 
weighting scheme was derived according to 
Hughes [4]. The refinement was extended to 
the anisotropic temperature factors of all 
atoms being considered. As only position 2(c) 
appeared to be occupied by the extra metal, 
positions 2(a) and 2(b) were excluded from 
further refinement, 

Ihe atomic scattering factors were taken 
Irom the International Tables[5]; from /nk the 
real part of the anomalous dispersion was 
subtracted. The final disagreement factors R 
and R' are presented in Table 2. The final 
results of the refinement calculations are 
presented in Tables 3 and 4. Owing to the 
temperature factors being small the value of 
fill I is a very sensitive check on the validity of 
'he adopted correction schemes, because 
(rom packing considerations we expect the 
following relations to hold iJetween the average 
temperature vibration amplitudes: 


Nb, : U„. < U;,„ 

Nbiiand M: U,,. > U^. 

These relations appeared to hold for all four 
structures. 

The most interesting interatomic distances 
are presented in Table 5. Their relation to the 
structural details appears from Fig. 3. 

A rather strong trigonal distortion is present 
in the S octahedron about M, which can be 
characterized by the angle a [6]. The calcula- 
tion of a is based on the hexagonal prisms 
obtained by duplicating the sulfur atoms via a 
mirror plane normal on (001) through M. The 
values for a can be compared with « = 84-5° 
for an undistorted octahedron. 

5. MAGNETIC SUSCEPTIBILITIES 

The magnetic susceptibilities of the four 
compounds were measured on crushed single 
crystals with the Faraday balance in the 
temperature region 80-1000°K. An analysis 
of the extra metal content revealed that the 
concentration of extra metal, .v, often differs 
from i So, for the calculation of the magnetic 
parameters per extra metal atom the mole- 
cular weight had to be modified. For con- 
venience, however, we refer to the compounds 
as MNb;,S„. In our discussion we assume that 
the magnetic moment does not depend 
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Table 2. Final disagreement factor.^ R and R ' 



j:|e„| 

R' = ■ too 

MnNb;,.S„ 

2-7 

2’9 

F'e Nb|S„ 

9-2 

t()2 

CoNh,S„ 

4-.S 

5 5 

Ni Nb,,S,, 

10 3 

II 4 


Table 3. Position and occupation parameters (A) after refinement 



Atom 


V 

r 

A 

<rU) 

(r(y) 

tr(;) 

(r(\) 


Mn 

t 

i 

I 

0163 

— 

— 



0-003 

Z 

Nb„ 

0 

0 

0 

i 

_ 

— 

— 

— 


Nh, 

i 

< 

-0-0006 

1 

— 

— 

0-00003 

~ 


S 

0-33299 

U-(KI394 

0 37601 

1 

0-00019 

0-00021 

0-00007 

~ 


Fc 

1 

I 

) 

0 169 

— 





0 009 


Nb„ 

0 

0 

0 

4 

- 

— 

— 

— 


Nb, 

1 

{ 

- 0-(X)l 1 

J 

-- 

— 

0-0002 


O' 

.S 

0 33261 

0-00222 

0 37213 

1 

OOOIX 

0-0016 

0-0006 

— 


Co 

1 

( 

1 

0 159 

— 





0 006 

/ 

Nh„ 

0 

(1 

0 

i 

— 


— 

__ 


Nh, 

t 

'i 

-0-(K)l3 

4 

- 


0-0008 

— 

(J 

S 

(I•332.5S 

0 (KKI75 

0 367X0 

1 

0 00046 

0 0004X 

0-00018 

— 


Ni 

1 

; 

1 

0 I6X 

__ 

_ 



0-008 

Si 

Nb„ 

(1 

0 

0 

4 


— 

— 

— 

z 

Nh, 

t 

i 

-0-(K)2l 

i 

— 

— 

— 

_ 

z 

S 

0-33260 

0 0009H 

0- .36X75 

1 

0 00089 

0-00087 

0-00034 



appreciably on the concentration x for x 
slightly differing fromi 

Throughout the temperature range con- 
sidered, the compounds showed a tempera- 
ture-dependent paramagnetic behaviour in 
accordance with the Curie-Weiss formula 
(equation (I)). The susceptibilities per gram- 
atom of M inserted are presented in Table 6. 
For the Ni system it remains doubtful 
whether the magnetic moment found in the 
range x = 0T5 is also characteristic of 
NiNbaSe. In our discussion we will assume 
this to be so. 

The magnetic parameters Cm, Am, and 0 
were obtained from a least-squares fit of the 
Xm values observed between 80 and 1000'’K 
to the Curie-Weiss formula. In Fig. 4 a 


vs. T plot is presented, based on 
the Am values as obtained from this least- 
squares refinement. The parameters are listed, 
together with their standard deviations, in 
Table 7. A comparison with the values ob- 
tained with powders (see Ref. [I]) shows that 
the latter were apparently not very reliable. 

Especially for CoNbjSij the difference 
between the single -crystal and powder para- 
meters is striking. The value of Am, very high 
in the powder, is approximately zero in the 
crystal; Cm is much larger in the single crystal. 
Essentially the same differences are observed 
with the other compounds, which suggests 
that in the powder samples impurities, prob- 
ably oxides, were largely responsible for the 
excessively large positive contributions to 
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Table 4. Anisotropic temperature factor coefficients of the metal atoms 


The expression for the anisotropic temperature factor is here: 
[i^nh'^ + + 2/3„M + 2fi,,ht+2^,,kl) ] 



Atom 

Pu 

Pa 

"■fBii) 

"■(Bi.i) 


Va 

tA 








x> 

Mn 

00113 

0 0007 

00006 

0 00007 

1-14 

0-41 

Z 

Nb„ 

0 0064 

0 0015 

00002 

000007 

0-65 

0-85 

c 

S 

Nb, 

0 0062 

0 0008 

0000 1 

0 00005 

0-62 

0-42 


Fe 

0 021 

0 021 

0 003 

o-no()5 

2-08 

0-78 

z 

Nb,i 

0 0091 

00022 

0 0027 

0 0006 

0-90 

1-24 

V 

U. 

Nb, 

0 0091 

0 0015 

0 0015 

0 0003 

0-90 

0 85 


Co 

00148 

0 0008 

0001 1 

0 0001 

1-47 

0-46 

z 

•Nbn 

0(K)274 

00008 

0 0056 

0488)1 

0-27 

0-46 

0 

U 

Nb, 

0(8)262 

000043 

0 00041 

0-00008 

0-26 

0-24 

c/? 

£ 

Nl 

00172 

0 0022 

0(8)22 

0-00043 

1-71 

1-24 


Nb„ 

0 008.3 

0 0019 

0(8)19 

0-0(8)3 

0-83 

1-08 

iz 

Nb, 

0 0079 

O'OOII 

0 0017 

0-0002 

0-79 

0-62 


For all metal atoms the relations hold: Bn = Pa = Pn-Pu independent, Bu = Bn = 0. The Ui, 
were calculated with the relation = p„ (.v, = u etc.). 


Table 5. Interatomic distances [A] and trigonal distortion {a°) 



2s-NbSj' 

MnNbjS, 

FcNbnS, 

CoNb,Sfi 

NiNb,S« 

2s-MoSj' 

M-S 

(2-42) 

2-519 

2-445 

2-385 

2 389 

(2-.38) 

M-Nb, 

(2-972) 

3-168 

3-066 

2-987 

2-999 

(3 .58) 

Nb|-S(l) 

2-47 

2-472 

2-465 

2-474 

2-4.58 

— 

Nb|-S(2) 

2-47 

2.508 

2-497 

2-499 

2-496 


S-S(3) 

3-14 

3-1.32 

3-124 

3-1.38 

3-117 

3-19 

S-S(4) 

3-31 

3 3.38 

3-324 

3 -.329 

3-321 

3-16 

S-.S(5) 

3-40 

3-7.35 

3-553 

3 398 

3-416 

3-47 

a°(sec‘) 

82-8 

78-1 

79-5 

80-7 

80-6 

78-7 


*Scc Ref. 16|. 


1 ). It is a well-known fact that in the prepara- 
tion of this type of compound oxide formation 
is almost inevitable. 

We feel that with our data from transported 
single crystals we have obtained reliable 
parameters. They give rise to some straight- 
forward qualitative conclusions: 

(a) The values for the magnetic moment 
ip = VsCa/ B.M.) suggest *that 4, 4, 2, and 2 
localized unpaired electrons are present in the 


Mn. Fe, Co and Ni compounds, respectively. 

(b) Only Mn shows the expected diamag- 
netic behaviour of approximately -01 X 10 •' 
e.m.u. per NbS™ unit. The other compounds 
have positive contributions to A ^ which are 
to be attributed to Pauli paramagnetism just 
as in pure NbSo. The rather high positive 
values suggest that the electrons are delocal- 
ized in a narrow band. 

(c) The 0 values suggest that the Mn com- 
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Table 6. Magnetie susceptibility measurements on AINb^Sn 


Mn, 

,,.NhS, 

Co„ 

„NbS, 

Ee„.,4NbSj 

Ni„ 

„NbS, 

T 


T 


T 


T 


(“K) 

X.ii'' H)' 

(“K) 

Kb 

(“K) 

XvXlO-’ 

TK) 

Y./XI0» 

ItS’l 

26-43 

78-3 

4-348 

77 8 

24-43 

78-2 

4-881 

274-4 

14 58 

195-4 

2-%3 

195 1 

11-58 

195-0 

2-825 

290-7 

13-24 

274-2 

2-381 

274-2 

8-547 

274-0 

2*225 

344-6 

11 13 

295-1 

2-260 

293 3 

8-055 

294-7 

2-175 

357 7 

9-858 

353 6 

l-%7 

388-9 

6-268 

.356-8 

1-835 

376-5 

9 420 

411 2 

I-8I2 

462 4 

5-3,56 

409-1 

1-675 

407 9 

8-520 

471-0 

1-607 

533-7 

4-809 

542-3 

1-285 

462-2 

7 255 

534-9 

1 491 

600-0 

4-285 

610-3 

1 155 

500-8 

6 455 

604-6 

1-364 

670-4 

3-715 

679 1 

1-0.55 

564-2 

5-510 

646-7 

1-301 

742-3 

3-328 

747-7 

0-955 

591-3 

5-202 

664-9 

1 296 

8(X>-I 

3-104 

822-9 

0-885 

650-6 

4 449 

725-2 

1 201 

868-0 

2-872 

87^1-2 

0 8.55 

722-2 

3 858 

746-4 

1 1.59 

935 9 

2 621 

947-1 

0 780 

788-7 

3 508 

808 3 

1 0X5 

1067 9 

2 261 

1008 2 

0-7.35 

853 7 

3-214 

869-5 

0998 

1122-3 

2 088 



928-2 

2-935 

950-9 

0-901 





995-8 

2 734 

l(X)6 6 

0-888 






’Table 7. Magnetic parameters of MNh.^^ (crystalline) Standard deviations 

between brackets 


M 

/!,, 10' 

H 

(■« 

Wh) 

Mn 

0 330(0-115) 

93(2) 

2-7,3 (0-03) 

4-68 (0-03) 

1-c 

-0-068(0 085) 

- 30(2) 

2-64 ( 0-03) 

4-60 (0-03) 

Cu 

0-016(0-023) 

-157(4) 

1 02(0-01) 

2-86 ( 0-02) 

Ni 

-0 008 (0-024) 

-90(3) 

0-82(0-01) 

2-56 ( 0-02) 


pound will become ferromagnetic at low permit a measurement of the anisotropy of the 
temperatures, whereas the others will be anti- electric conductivity of the compound, 
ferromagnetic. 


6. ELECTRIC CONDUCTIVITY 
The compounds all remain metallic con- 
ductors, which is to be expected since the 
a, -bands are only partly filled, just as in NbS.^ 
itself. Only the Mn compound with Mn“^ 
should contain a filled nrband and become a 
semi-conductor. However, the single crystals 
had not the ideal crystallographic formula 
Mno.,uNbS 2 , but only contained (from 
chemical analysis), which is a reason for the 
crystals maintaining their metallic character, 
also for the Mn compound. Unfortunately, the 
crystals were too small in one direction to 


7. ELECTRONIC STRUCTURE 
The trigonal symmetry of the crystal struc- 
ture causes the i/-orbitals of both M and Nb to 
split into a and e-representations. For the 
octahedral ions M the situation is quite 
simple. The fact that the octahedron is 
elongated along its trigonal axis makes it 
probable that one set of e„-type orbitals is 
lower than fl„. In the trigonal prismatic sur- 
roundings of Nb the situation is more compli- 
cated. One possibility is that a, (c4j) is the 
lower and is in the middle (C) is 

always pushed up towards the highe.st posi- 
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O Nb, Ta 

0 Me 




3 Numbering of interatomic distances relating to 
Table 6. 


lion) or (I, is in the middle and e> is most 
favourable. 

Cioodenough[7] postulates that e-^ is the 
lowest and he explains the electric and 
magnetic properties of compounds like WSj 
and NbSj by a mechanism in which the band, 
resulting from the interaction of the e-, orbitals 
of neighbouring metals, is split up, by spin- 
orbit coupling, into two sub-bands. 

In the following, we propose that a, should 


be lowest in our compounds as well as in 
NbSj and WS 2 . The assumption that a, be the 
most favourable orbital easily explains why 
M 0 S 2 is a diamagnetic semi-conductor and 
why NbSa is a metallic conductor with a Pauli 
paramagnetism of = 01 x 10"’e.m.u./mole. 

At this point of our discussion on the order 
of the d-levels about Nb, we should like to 
make the following observations. 

In Goodenough's paper. Table 3 is pre- 
sented for trigonal hipyramidal interstices 
(this table, incidentally, is not correct because 
in a trigonal bipyramid e, will be the lower set 
of orbitals; a, is in that case indeed very 
unfavourable). On page 474 it is mentioned 
that the cations in the layer structures of 
NbS., and WS., are in trigonal hipyramidal 
interstices and that Table 3 is applicable. 
However, Nb and W are in trigonal prisms 
and here it is not so obvious which is the more 
favourable, e-i or a,. We did not find any 
quantitative justification in Goodenough's 
article to support that e-^ is more favourable 
thanflj. 

We have, however, carried out a qualitative 
estimate of the order of orbitals by two inde- 
pendent methods; 

(a) A pure crystal field van Vleck type point 
charge calculation, using a formula derived by 
Koerts(8] and adapted to the geometry of the 
NbS« prism, shows that at least an improbably 
high elTective nuclear charge of Z > 7-5 is 
needed to bring Cj below u,. It is realized that a 
purely electrostatic approach is not quite 
realistic for these heavy-element sulfides. So. 
we do not regard these results as a proof, but 
rather as an indication that a prismatic geo- 
metry certainly does not exclude the a, orbital 
to be much more favourable than the set of 
orbitals. 

(b) Semi-empirical Extended-Hiickel 
calculations* for NbS;, TaSo, MoSj and WSj 
all result in a^ being the most favourable 
orbital, followed by e.^. For NbSs, in particular. 


•Kindly performed hy Dr. W. Th. A. M. van der Lugi 
of this laboratory. 
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T,“K T.'K 


Mn^NbSg SINGLE CRYSTALS (»=0-28) Cc^NbSj SWaE CRYSTALS (x--0-3B) 

tti '^M *Vn 



T/K T,®K 


Fig. 4. l/x«-A„vs T. 

a, lies 3200 cm ' below e-,, e, being 29,.‘'0() the M and Nb levels will depend on the metal 
cm ' above e,. M. The exact distribution of the electrons will 

We therefore prefer the interpretation that be determined by the difference in ‘ionization 
fl, is lower than Cj, and thus arrive schemati- level’, by possible interactions between M and 
cally at two systems of <f-orbitals as shown in the Nb layers and by the interelectronic 
Fig. 5. as also suggested by Hulliger[9J. repulsion. 

The relative positions on the energy scale of In order to explain the magnetic data we 
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M 


Nb 


*1 



Fig. 5. Localized and delocalized </ orbitals in MNb.,Sn. 


arrive at the assignments of Table 8 for the 
electron distributions (the contributions to the 
fli-band are formally given per 1 Nb atom, 
whereas physically we must consider 3 Nb 
atoms at one inserted M atom). Such an 
assignment not only explains the /k. and A- 


account. The only apparent inconsistency is 
then in the Co compound. 

However, the doubly filled On,, system 
and the half filled e* system in both Co'^ and 
may have a special stability if the energy 
difference between and is large enough.! 


Table 8. Distribution of electrons localized and delocalized orbitals 


Compound 

M (localized) 

Nb(delocalized) 

Number of 
unpaired electrons 

Pauli paramagnetism 

MnNb,S« 

(e„)‘(u, „)'(<■:)' 

(o,-band)'‘ 

4 

no 

FcNb3S„ 


(a,-band)“ 

4 

yes 

CoNb;,Ss 

(eJ*{au)He;y 

(fli-band)*'’ 

2 

yes 

NiNbjS. 


(a,-band)“ 

2 

yes 


values, but also the trend of the variation in 0 
can be made plausible when the different 
possible magnetic interactions are taken into 
account (see below). This assignment brings 
the forma) valencies of the ions at Mn’^, Fe^^, 
Co'+, NP^ The fact that only Mn becomes 
trivalent is in agreement with the known order 
of the ionization potentials. Going from Mn to 
Ni the energy of the levels of M will undoubt- 
edly drop relative to those of Nb. One would 
rather have expected Mn“^, Fe“+, Co^^, NP* 
(which is actually found in the tantalum series 
(see Ref. [1]) or even Mn»*, Fe*+, Co*+, Ni*+ if 
only ionization energies are taken into 


It may also be that the a,„ level in the Co 
compound has come very close to the a, level 
of Nb, thus favouring its participation in the 
band. In that case too only the two e* elec- 
trons contribute to the magnetic moment, but 
a formal valency for Co is then difficult to 
define. In fact the shortest distance between M 
and Nb occurs in the Co compound, which 
might support the latter assignment, if we 
bear in mind a critical distance 10] between 
atoms, below which the electrons must be 
described as collective rather than localized. 

tThis suggestion was made, in a private discussion, by 
Profe-ssorC. Haas from Groningen University. 
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The above picture with the localized mo- 
ments at the extra metal centres M is further 
confirmed by Miissbauer experiments, which 
indicate Fe’*^ ions in octahedrat. 

The presence of isolated moments of Mm" 
in a ferro-magnetically ordered state and of 
in an anliferromagnetic arrangement was 
confirmed by Van Laar et al.[ 1 1 ], who carried 
out neutron diffraction experiments at liquid 
helium temperatures, 

», MAftNETIC INTERACTIONS («) 

I’he values of E) in T able 7 show that there is 
a magnetic interaction between the localized 
unpaired spins. We have qualitatively con- 
sidered three types of interactions and have 
based ourselves on arguments put forward by 
Cioodenough[IO, 12|. 

( I ) Superexchange interaction through inter- 
mediate S anions will take place mainly 


assumed the distance in our compounds to be 
appropriate for a ferromagnetic coupling in 
order to explain the reduction of the expected 
strong antiferromagnetic superexchange in the 
iron compound to such a low value of — SO^K. 

(3) For direct interactions between the extra 
metal ions their mutual distances are obviously 
t(X) large. Flowever there may occur an inter- 
action via empty orbitals of Nb, As the a,- 
orbital of Nb is not empty, only c„(M)- 
c. 2 (Nb)-c„(M) is taken into account. In the 
Mn-compound two e„ orbitals are half filled 
and may give rise, via the empty C 2 (Nb), to 
ferromagnetic coupling; in the Fe-compound 
only one e„ orbital is half filled and may also 
give rise to a ferromagnetic, though weaker, 
interaction via empty pjtNb). • 

The picture given here should be considered 
as purely qualitative, and for this reason the 
fifth column of Table 9 bears the heading 


T able 9. Maftnetic interactions amonji the extra metal atoms 


Superexchanse Intcraclion via Inieraclion via Suggested (■), °K 

M interaction Nbcnnduetion electrons empty Nb orbitals sum exp. 


Mn ' ' weakly anliferromagnetic — ferromagnetic ferromagnetic 

Ee” antiferromagnetic ferromagnetic weakly ferromagnetic — -30 

Co" antifcrivmagnetic - — antiferromagnelic -157 

Ni" antiferromagnetic — — antiferromagnetic -90 


via the cr-bonding ej orbitals, and we expect 
an antiferromagnetic interaction for all com- 
pounds, as no CiJ orbital has more than one 
electron. 

(2) Interaction through conduction electrons 
may, according to Ruderman and Kittel[131, 
give rise to both ferromagnetic and antiferro- 
magnetic coupling, dependent on atomic 
separation. Since in the N i- and Co-compounds 
no localized electrons occur in the and e„ 
orbitals and in ideal MnNb;,Ss no conduction 
electrons are available, only the Fe compound 
may show this type of interaction. We have 


tl. van de Kraan and J. J. van Loef, private communi- 
cation. 


‘suggested sum’. The simplified picture 
assumes all localized electrons to be localized 
on M and the d electrons of Nb delocalized 
through the Nb layers. The pre.sent model, 
however, so far explains consistently all the 
experimental data for the insertion compounds 
MNbjSj, MTa:iSa as well as the empty layer 
structures of NbS 2 , TaS.^, MoS.^ and WS 2 . 

Arknowlednemenls -The authors wish lo express their 
sincere thanks to Miss M. J. van Diepen, Miss M. Burink, 
Miss Y. van der Wei, and Mr. J. J. de Boer of this labora- 
tory. who carried out the experiments and calculations 
involved in the work desenbed. 
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THERMAL ANNEALING OF IRRADIATED 
LITHIUM HYDRIDE-l. 
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Abstract -The release of stored energy from irradiated l.iH during thermal annealing was measured 
with a differential thermal analysis technique. For all samples irradiated with “Co y-rays to doses 
between 1 x 10” and ^ x I0'“ rad. at temperatures ranging from 40 to 270°C, the amount of stored 
energy was directly proportional to the amount of ‘motionally narrowed' hydrogen seen in the material 
by pulsed nuclear magnetic resonance. The energy release is from the reeombinatum reaction of 
free lithium and hydrogen that have been produced by irradiation: the energy for the reaction l.i|„ + 
l.iH|,i was ~20kcal/mole This is comparable to the standard heat of formation of LiH. 
A//; = -2l'7kcal/molc. 


I. INTRODUCTION 

Lithium hydride i.s a particularly interesting 
material for radiation damage studies because 
the changes in some of its properties on irradia- 
tion are unusually large. Pretzel and his co- 
workers have provided a broad background 
of information on LiH and its irradiation 
behavior! 1-6]. One of the more remarkable 
observations is that when LiH is irradiated, 
either externally as with y-rays or internally 
as in tritium-containing material, very large 
increases in volume result if the irradiations 
are carried out above room temperature [6-9]. 
Accompanying the swelling is the formation 
of aggregates of metallic lithium and gaseous 
hydrogen within the lattice [6-9]. The state 
of these decomposition products has been 
characterized principally by nuclear magnetic 
resonance (NMR)[6-9J; it has been observed 
that as much as 10 per cent of the original 
hydrogen present in the lattice can be con- 
verted to a motionally-narrowed' gaseous 
lorm[7-9] by radiation. This gross decom- 


’Wurk perfurmed under fhc auspices of the U.S 
Atomic Energy Commission, 


position is associated with volume changes 
of 25 per cent or more[6-9]. Recent electron 
microscopic studies have shown the presence 
of cubic, oriented bubbles in irradiated LiH 
[10]. and NMR measurements of the angular 
dependence of the relaxation time of the 
hydrogen gas in irradiated single crystals 
clearly show that these are actually cubic 
hydrogen bubbles] 1 1]. 

In light of the substantial decomposition of 
irradiated lithium hydride, it seemed important 
to measure the stored energy in such materials 
and to see whether the amount of H 2 and Li 
detected by NMR could be correlated with 
the total energy. If stored energy release is 
due to back-reaction of 'free' lithium and 
hydrogen, large amounts of energy would be 
seen, and this observation would confirm the 
interpretation of the NMR experiments] 12]. 

Stored energy studies have been made on 
other irradiated ionic solids, particularly 
NaCl]13-15] and LiF[15]. Features of the 
energy release spectra were attributed to 
specific processes, such as aggregation of 
point defects and precipitation of colloidal 
metal particles. For LiF irradiated to more 


I DM 
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than 10“ rad. with y-rays. the stored-energy 
range values were very large, between 200-400 
cal/g[15]. Energy of this magnitude must 
surely be due to back-reaction of lithium 
and fluorine produced by the irradiation. 
Similar values of stored energy have been 
observed in l.iF irradiated with fast 
electrons! I6J. 

Radiation effects in LiE are in many respects 
similar to those seen in l.iH. The formation of 
metallic lithium particles has been observed 
by X-ray techniques! 17. 18] and by electron 
spin resonance (ESR)II9] and NMR!20!. 
Motionally-nairowcd fluorine has been seen, 
as well! 1 6, 19). Also, bubbles of square shape 
have been seen directly with optical micro- 
scopes!] I-27|; the presence of cavities 
was also inferred from X-ray scattering 
studies]]?. 25. 281. Microdifferential thermal 
analysis (DTA) has shown that the Li preci- 
pitates in l.iE can have an anomalous f.c.c. 
crystallographic structure that can be con- 
verted by thermal annealing to the normal 
b.c.c. form!]9]. A parallel investigation 
showed that in irradiated l.iH only the 
normal b.c.c. lithium is formed!29, .?()|. 

2. EXPERIMENT At. 

The lithium hydride used in these experi- 
ments was synthesized at this Laboratory 
by direct combination of the elements, and 
crystal.s were grown in a manner similar to 
that described by Pretzel et al.[ I ]. The 
materials which were measured here are 
portions of those for which NMR measure- 
ments have been reported] 8- 10]. Lithium 
hydride was available which had been 
irradiated with “"Co y-rays to doses between 
2 X 10“ and 5 x 10'" rad. at Brookhaven 
National Laboratory. Irradiation tempera- 
tures ranged from 40 to 270°C. The LiH 
was always handled entirely under argon 
atmosphere in steel glove-boxes. 

The differential thermal analyzer used in 
this investigation was obtained commer- 
cially !?!, 32]. The calorimeter cell assembly 
is completely detachable and can be put into 


the aigon glove-box for loading. The calori- 
meter construction follows the design 
principles of Boeresma!33] and can be 
operated up to 700°C. It consists of a silver 
heater block wound with resistance wire, a 
differential thermocouple with attached 
sample cups, reference thermocouple, and 
radiation shields. The entire system is con- 
tained within a small bell jar. A cup is per- 
manently mounted on each junction of the 
differential thermocouple, one to contain the 
irradiated sample, and the other a reference 
material. The reference thermocouple is 
mounted within the heating block. It reads 
the calorimeter temperature and controls 
the rate of rise of temperature via an external 
programmer]?!, 32]. 

Samples to be analyzed were ground in the 
glove-box and packed tightly into a platinum 
cup which fits snugly into the cups mounted 
on the differential thermocouple. The refer- 
ence cup was filled with a similar amount 
of ground, unirradiated LiH. Sample size was 
typically -25 mg. The calorimeter cell was 
assembled and sealed within the glove-box 
before removal. When the cell was mounted 
for measurement, it was continuously purged 
with dry helium (-lOcm'Vsec) until the 
measurement was completed. An A”- K recorder 
displayed the system temperature as the 
ab.scissa and the differential temperature 
between reference and sample as the ordinate. 
1'he area above baseline was a measure of 
the energy released. The system was cali- 
brated by determining the areas corresponding 
to the known heats of fusion of a large number 
of materials, namely. In, Sn, Cd, Pb. Zn, Al, 
AgNO:„ KNO„ NaNO:„ PbClj and AgCl, 
The calibration provided points for tempera- 
ture and for energy per unit area between 
~I50 and 650°C. Temperature values are 
believed reliable lo±2°C and energy measure- 
ments to ±10 per cent. The calibration was 
done for a range of heating rates from I -5 to 
50‘’C/min. We always used the high heating 
rate, 50°C/min to make the measurements on 
irradiated LiH. because this minimized the 
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time for possible reaction of accidental 
contaminants such as water and oxygen with 
the sample. 

3. RESULTS AND DISCUSSION 
In Fig. 1 several typical thermograms show 
DTA spectra from LiH irradiated at several 
temperatures. It was previously reported for 
LiH irradiated below I00°C that while a 
substantial amount of hydrogen was seen by 
pulsed NMR there was often no detectable 



Sample temperature -°C 

I ig I. Several typical DTA speclia for samples irradia- 
ted at different temperatures and radiation doses the 
oidinatc M is differential temperature on an arbitrary 
scale Note the presence of the melting curve for Li 
metal for materials irradiated at the higher temperatures. 
I he temperature scale is uncorrected by calibration 
The heating rate was 50“(7mm in all cases. 

melallic lithium[7, 8], The curves in Fig. 1 
show a similar result. For LiH irradiated 
above 100°C an endolherm is seen in the DT A 
spectrum corresponding to the melting of 
l-i metal [18] but this endotherm is usually 
missing for material irradiated at low tempera- 
ture. However, for those materials showing 
no Li, there is always a DTA peak in the 
vicinity of 225°C, and the lower the irradia- 
tion temperature the larger is this peak. 


We have found that annealing such irradiated 
LiH at 200-250°C results in the develop- 
ment of lithium metal aggregates that 
are detectable by both NMR and to DTA. 
Figure 2 compares samples from one irradia- 
tion batch. The upper curve shows the DTA 
spectrum of the LiH as irradiated, and the 
lower curve is the spectrum of a similar 
sample after heating to 225°C and cooling 
to room temperature. The development of a 



Fig. 2. DTA spectra of two samples from the same 
batch of l.iH irradiated at 85T with .S t) x 10"Tad. 
Upper, D1 A spectrum after the irradiation Lower. 
DTA spectrum of irradiated material after it was annealed 
to 225°C to develop the Li metal aggregates. The tempera- 
ture scale i.s uncorrected by calibration 

melting curve for Li is evident. Simultaneous 
with the appearance of Li precipitates is the 
disappearance (or diminution) of the 225°C 
peak. This feature of the DTA spectrum is 
probably due to recombination resulting when 
atomic lithium becomes mobile. Similar 
phenomena have been seen in NaCI[LT 14] 
and LiF[15]. 

The most prominent feature of the DTA 
curves is a high-temperature peak, labeled 
Tp in Fig. 1, which represents most of the 
stored-energy release. This peak occurs at 
higher temperatures for materials which 
have been irradiated at higher temperatures. 
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For a given irradiation temperature, this peak 
occurs at higher temperatures for material.s 
which have received a higher irradiation 
dose. This variation of 7„ with irradiation 
temperature and do.se is similar to the trend 
of hydrogen bubble sizef9, 10]. A mechanism 
for the stored-energy release is suggested b; 
this observation and will be discussed in i 
subsequent paper[34|. 

One positive correlation has emerged from 
the measurement of stored energy. For all 
samples exposed lo an irradiation dose of 
> 10'' rad., a proportionality is found 
(Fig. .1) between the stored energy and the 
amount of motionally-narrowed' hydrogen 



t IB 7, The I tiliitionship bciween su>rcd energy and 
amount ol motionalty-narrowed hydrogen (as measured 
hv NMRi (or 24 samples the line is a least-squares 
fit 10 the pomls Each point is the average value for several 
measurements; the hars merely represent thccsperimenliil 
scatter Mules of H , include a faeloi of ■; lo correct for the 
para-componenl. Materials shown were irradiated to 
doses between lOx lO'and.S I x lO'Vad at temperatures 
between 40 and 27(J°C. 

measured by pul.sed NMR[8,9J. This 
motionally-narrowed hydrogen has been 
shown to be due to the presence of bubbles 
ot gaseous therefore, it is likely 

that the stored-energy release is due to the 
recombination of the hydrogen and lithium 


produced by irradiation. Figure 3 shows the 
relationship between the stored energy and 
the amount of H. present (corrected by a 
factor of due to the ortho-para equilibrium). 
The data shows that the energy of the reaction 

I-i«i + iH,„., -» IJH,,., 

i.s 19-9 kcal/mole. This value is comparable 
to the standard heat of formation of LiH. 
A//; = -2l-7kcal/mole[35J. Although the 
reaction does not proceed under standard 
conditions, the comparison is consistent with 
the propo.sed explanation. The large variation 
seen for some samples is probably due to 
large-scale inhomogeneilies in the distribution 
of lithium and hydrogen aggregates. The bars 
in Fig. 3 show the spread in the measurements. 

The average value of a sufficiently large 
number of measurements (up to 8 separate 
measurements) fits the general trend quite 
well. This .satisfying relationship breaks down, 
however, for materials irradiated to < 10'' rad. 

Figure 4 shows stored energy plotted against 
motionally-narrowed hydrogen for several 



mmoles H^/g LiH 


Fig 4. Slored energy vs. motionally-narrowed hydrogen 
for LiH irradiated U) doses from 1 -5 X 10“and51 x 10" rad, 
at temperatures between 87 and 21<i°C. This plot shows 
'excess' slored energy. The 'expected' line is the one 
fitted to the data in Fig. 4 . 
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samples which have been irradiated to doses 
from 1 '5 to 5 X lO** rad. It is clear that in these 
samples too much stored energy is found to 
be consistent with the above explanation. 
The thermograms are not remarkable except 
that some energy release is seen between 100 
-200°C. If the stored energy release does 
indeed result from the back-reaction of free 
lithium and hydrogen, then in those samples 
plotted in Fig. 4, 'free' hydrogen must be 
present which is neither motionally-narrowed 
nor paramagnetic. If isolated molecules 
were trapped in the lattice, perhaps inter- 
stitially or in some configuration involving 
vacancies, they might not be able to rotate or 
librate and so might not be seen by pulsed 
NMR. It is not obvious that a hydrogen 
molecule trapped in a single vacancy or 
vacancy pair would be unable to rotate, but 
if this were true, there surely exist many 
such defects produced by radiation that might 
provide traps for molecules. This proposal 
requires that a large number of trapped isolated 

H. , molecules be present, -lO^'/cml 

Aikm>wtedgements-'He wi.'ih lo lhank P. C. Souers 
and T, S. Blake for many helpful discus.sions. The 
support of C, M (Jrlttith was invaluable in perfonning 
these cxperimenls. 
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A THEORY OF THE FIRST ORDER RAMAN 
SCATTERING OF LIGHT BY POLARITONS IN 
CRYSTALS OF THE ROCKSALT STRUCTURE 

A. A. MARADUDiN' and S. USHIODA 
Department of Physics, University of California, Irvine, Calif. 92664, U.S.A. 

[Receivedi September 1969; in revised Jnrm 21 Oeloher 1969) 

Abstract- In crystals of the rocksalt structure the electro-optic coefficient as well as the first derivative 
of the electronic polarizability with respect to an ionic displacement vanishes because every ion is at 
a center of inversion. Consequently, the zone center optical phonons are inactive in ftrsl order Raman 
scattering. However, these phonons are infrared active, and the transverse optical ( TO) phonons form 
polaritons when the retardation of the Coulomb interaction is taken into account. Because of the axial 
vector character of the magnetic field, the first derivative of the electronic polarizability with respect to 
the macroscopic magnetic field associated with the polaritons does not vanish in rocksalt type crystals. 
Thus the polaritons in crystals of the rocksalt structure can give rise to first order Raman scattering. In 
this note we present a theory of the Raman scattering intensity by polaritons via the magneto-optic 
effect, and estimate the intensity of the light scattered by this mechanism. 


The usual explanation of why crystals of 
the rocksalt structure do not scatter light 
inelastically, by one phonon processes, is well 
knowntl]. Every ion is at a center of inversion, 
and the first derivative of the electronic 
polarizability of the crystal with respect to 
an ionic displacement consequently vanishes 
identically. There is consequently no elasto- 
optic scattering by one phonon processes. For 
the same reason crystals of the rocksalt struc- 
ture, unlike crystals of the zincblende struc- 
ture, for example, have no first order Raman 
effect associated with the modulation of the 
electronic polarizability by a macroscopic 
electric field, either the longitudinal macro- 
scopic field associated with the long wave- 
length longitudinal optical modes [2], or the 
transverse macroscopic field associated with 
the long wavelength transverse optical modes, 
when the retardation of the Coulomb inter- 
action is taken into account [3]. Thus there is 
no electro-optic scattering by one phonon 
processes. Nevertheless, crystals of the rock- 
salt structure can display a first order Raman 

‘Thill research was supported in part by the Air Force 
Office of Scientific Research, Office of Aerospace 
Research, U.S.A.F., under AFO'SR Grant No. 68-1448. 
Technical Report No. 69-23. 


effect, through the modulation of the electronic 
polarizability by the macroscopic magnetic 
field to which the long wavelength transverse 
optical modes give rise when the retardation 
of the Coulomb interaction is taken into 
account. The elementary excitations in the 
crystal from which the scattering takes place 
are polaritons, which are the normal modes of 
the linearly coupled transverse phonon- 
photon system in the presence of a retarded 
Coulomb interaction [4). In this paper we 
present a theory of this effect, magneto-optic 
scattering, and estimate the intensity of the 
light scattered by this mechanism. 

Let us write the contribution to the elec- 
tronic polarizability which is linear in the 
magnetic field and explicitly of zero order in 
the ionic displacements as 

S (1) 

Ikq 

where we assume that the macroscopic mag- 
netic field has a spatial variation of the kind 

//„(x) = //„e' (2) 

and //„(/«) = //„(x = x(ic)), where x(/k) is 
the position vector to the equilibrium position 
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of the ion (/k). Writing in this form is a 
formal device, which will yield in a direct way 
the condition that the wave vector of the 
scattered light equal the sum of the wave 
vectors of the incident light and the elementary 
excitation responsible for the scattering. 

If we use the fact that transforms as a 
second rank tensor under rotations of the 
crystal, and that an electric field is a polar 
vector while a magnetic field is an axial vector, 
it is straightforward to e.stablish the trans- 
formation law for the coefficient 
under an operation of the space group of the 
crystal: 

R^"UU.K) \S\ I 

fi'ii'a' 

where S is a 3 X real orthogonal matrix 
representative of the elements of the point 
group of the space group of the crystal, and 
[LK] is the lattice site into which the site (/k) 
is sent by the symmetry operation. It follows 
from this result that R'I^I^Hk) is independent 
of the cell index /, because of the translational 
symmetry of the crystal. Consequently we 
denote this coefficient by in what 

follows. 

The generalized principle of symmetry of 
the kinetic coefficients [5] has the con.sequence 
that ) is antisymmetric in fi and p, 

/Ca(K) (4) 

Used together with the condition that absorp- 
tion is absent, this principle also requires that 
R'^IJk) be pure imaginary, and we express 
this condition by writing 

RTmM = ir^^jK). (5) 

The point group of each lattice site in 
crystals of the rocksalt structure is 0*. When 
we use the operations of this group in equation 
(3), and note equation (5), we find that the ten- 
sor has only one independent, nonzero 
component for crystals of the rocksalt struc- 
ture, and can be written in the form 


(fi) 

where 's fbc Levi-Civita symbol. This 
result is compatible with that expressed by 
equation (4), so that the latter does not yield 
any new restrictions on the form of 
for crystals of the rocksalt structure. 

If we expand the dielectric constant in 
powers of a uniform magnetic field, 

= ell’ll + i E AVa W;, + ■ • • (7) 

K 

then the following relation holds between the 
coefficients xv,,;, and the coefficients r^„x(« ) . 

= ( 8 ) 

K 

where f)o is the volume of a primitive unit cell. 

We will .see that it is only in the combination 
XVi/k that the coefficients enter the 

expression for the scattered intensity. It is 
this result, coupled with the fact that the values 
of can be obtained from experimental 
results on the Faraday effect in insulators or 
semiconductors, that ultimately enables us to 
estimate the intensity of scattering by polari- 
tons through the magneto-optic effect. 

In the context of the present problem the 
magnetic field entering into equation (1) is 
the transverse magnetic field established by 
the ionic vibrations when the retardation of 
the Coulomb interaction is taken into account. 
Our first task is to relate this field to the ionic 
displacement amplitudes. 

It is known[6j that when the retardation of 
the Coulomb interaction is taken into account, 
a displacement field of the ions of the form 


Ma(//c;t) (9) 

where is the mass of the k‘^ kind of ion, 
gives rise to a macroscopic electric field 


E(x;/) ^Ee'^'""''' (10) 

which possesses both a longitudinal and a 
transverse part: 

E(x;f)=E"(x;f)-l-EMx; 0 . (11) 
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The longitudinal and transverse components where Sag is the 3 x 3 matrix inverse to 
are given by 

^ afi 

E"(x;f) = E"e (12a) 


SxS’ 


kyL^ 


^yfj kyk, 






. (19) 


where 


E^(x; r) = E-^ e 


(1 2b) 


It follows, therefore, that the transverse 
electric field is given by 


kxE" = 0, k E-^ = 0. (12c) 

The dielectric polarization due to the motion 
of the ions is given by 


= 


Air 


fto/l'-l 


s 

ayfiK 


X 




Vm/ 


( 20 ) 


P(x; /)= Pc'k (13) 

The amplitudes E", E^, and P are related by 

= -47r I (14) 

li 

~ fj'i _ I 2 ^^oH~kJ^^)P)j (15) 

a 

where k is a unit vector in the direction of k. 
and 


If the macroscopic magnetic field is written 
in the form 

H(x;/) =He"“ “ (21) 

the amplitude H is related to E^ by the 
Maxwell equation 

H = -kxE^ (22) 

ID 

and we obtain the general result 



OJ 


is the refractive index of the optical wave 
under consideration. 

The relation between F„, the displacement 
amplitude m’„(k), and the macroscopic field 
is [7] 




( 17 ) 


where ft,, is the volume of a primitive unit cell, 
'Was(K) is the transverse (or Born) effective 
charge tensor for the k"‘ kind of ion, and is 
the electronic susceptibility. 

If we substitute equations ( 1 4) and ( 1 5) into 
equation ( 1 7) and solve for as a function of 
a’/j(K), we obtain 


H.,= 


4nii 


TT i t ^ iaBykiii^y/, kykf,}Si), 

" ‘ liyfiKDK 


We now specialize this result to the case of 
crystals of the rocksalt structure. In this ca.se 
the electronic susceptibility is isotropic, xlj’ = 
Sawx'’". takes the simple form 


5,^ = ^+(6,.e- 


■ kakfi ) 


«■ — tx 


(24) 


where Ci is the optical frequency dielectric 
constant, e« = I +47rx“‘’. The effective charge 
tensor is also isotropic. 


M„fl((c) =6„ac(K) (:.5a) 


P = 



with 

(18) 


(■(+) = -e(-) = cT (25b) 



I()7K 


A. A, MAKADUDIN and S, USHIODA 


Substituting these results into equation (23) 
we obtain 

^ _ I Atth ^ ^ ■ '»>(/() 


7^t( k ) — 2 e„yx^v ((>*/) ■ (27) 

yx 

In the long wavelength limit the equation 
satisfied by ir„(K ) is|7] 


/(++)=-/(+-)=-/■{-+) 

=/(— )=/=MU)7^. (31b) 

In equation (31b) /x = M+/W../(Mt + M_) is 
(he reduced mass of a primitive unit cell, and 
<ot is the frequency of the transverse optical 
modes of infinite wavelength, in the absence 
of retardation. With the use of this result and 
those given by equations (24) and (25), we 
transform equation (30) into 




V A'/ ^ 

where /„,,(«/<' ) is related to the force constants 
associated with all the short range forces 
(including the Lorentz field) (d* „;,(/«; /'«')} by 

laiiiKK') ^2 dv,(/K;/V'). (29) 

/' 

If we substitute into equation (28) the expres- 
sion for the macroscopic field given by equa- 
tions ( 1 4 ), ( 1 5 ) and ( 1 8), it becomes 

; I V-l 1 , l\ 


+ - y 
() ^ 

liyhKx' 




Y c(k) 


, «» /l^-€a 


,, t / / « , 


We divide the solutions of this equation into 
(wo types: (a) those for which 

U'a( + ) _>■■„(-) _ „ 

Vm, Vm. Vm, ' ^ 

where M,. = M , f M is the mass of a unit 
cell; and (b) those for which 


MuJk) 

VM^u'„(-f)=-VM^..'„(-) = VAtf„. (34) 

, VM, 


With these definitions r/ and ^ are unit vectors. 

^liy 

The equations determining rja and are 

tr-\ 

obtained by substituting equations (33) and 

itc' \ 

(34) into equation (32): 

\ K I , j . 

(30) 


For the particular case of a crystal of the 
'ocksalt structure the tensor ,/a^(7r7c') take.s the 
simple form 

fa^iKK ) ^ bagfiKK ) (31a) 


W‘''fa = W7'^^a + 


co'^ria = 0 

47rie*r^^ 


\€„ r 
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The solutions of equation (35a) are 


<0 — 0 (36a) 

= 1,2.3, (36b) 

where {ri(j)} (7=1, 2, 3) are any three 
mutually perpendicular unit vectors. A con- 
venient realization of these vectors is 

(36c) 


If we assume that ^ is parallel to k, we find 
that the equation it satisfies is 


„ _ 2 47r (<■*)% 


(37) 


which yields the frequency 


<o'^ = <or^ -F 


4Tr(r' 






= 0)/ -t- <o/ = ojl^ (38) 


where is the frequency of the longitudinal 
optical modes of infinite wavelength. If we 
assume that | is perpendicular to k. the 
equation it satisfies is 

•It - it I noi 

•) Cx 
CD* 

The frequencies obtained from this equation 
are found to be 


Here ^(4) and ^(5) are any two unit vectors 
which are perpendicular to each other, and 
which are both perpendicular to |(6). Explicit 
expressions for ^(4) and ^(5) will not be 
needed in what follows. 

Thus, for crystals of the rocksalt we can 
label the eigenvectors of equation (32) by an 
index j(= 1,2,. ,. 6), and we have explicitly 
that 

[M 

= Kr 7 = 1-2,3 (42a) 

j 7= 1.2.3 (42b) 

»'’«(+l7) = f«(7). 7 = 4, 5, 6 (42c) 

^aij), 7 = 4, 5, 6. (42d) 

We now expand «a(/K) in terms of normal 
coordinates 

"M = 1 IK/') 

' ^ (43) 

where the {moIkIK/)} are the continuations to 
finite wave vectors of the eigenvectors 
{M’a(«l 7 ) }. In the long wavelength limit, which 
is the only case of interest here, the equation 
of motion satisfied by C? (K/) on the assumption 
that it has a time dependence of the form of 
exp is found to be 


(■■Ui 

aj4-^(k) + ± 




-4 


c’k'Wr 


(40) 


T hese solutions are just the dispersion rela- 
tions for the two branches of the polariton 
spectrum for crystals of the rocksalt struc- 
ture (see Fig. 1). Thus, we can classify the 
solutions of equation (35b) as 


^(4) 1 ^(5) 1 ( 0 ^ = = (oJ. (41a) 

^(6)=fe, = (41b) 


-QW = +^^^^T(ka);7)C>(k7) 

(44) 

a>/ = 0. 7 = 1,2.3 (45a) 

= w/-. 7 = 4, 5. 6 (45b) 

T(lto;7)=0, 7 = 1.2,3 (46a) 

1 


—T-e 

Cl>‘ 


-. 7 = 4.5 


(46b) 


I 


7 = 6. 


(46c) 
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t i(; I I he pohirikKi dispersniii iclalion for (he roekealt cryslal The dashed curves 
denote tdlimesi values of frequency and wave vector transfer at 0", O-.T. 1“ and 2 ° 
setitterint! angles for (he cuciting light at A 


With these results in hand, we can now turn 
to a calculation of the intensity of light scat- 
tered by polaritons through the magneto-optic 
effect. 

The rate of Raman scattering per unit solid 
angle into the frequency range (w,,.ws + dw*) 
is given hyf8] 

(Oi)' 

d(o,.{ ^ tita,, 

ri/jyA 

(47) 

where w„ is the frequency of the incident light, 
w = Ws-u,, is the shift in the frequency of the 
light on scattering, n is a unit vector which 
defines the polarization of one linearly polar- 
ized component of the scattered light, and 
E'*^ and E"(=(E^)*) are the amplitudes of the 
positive and negative frequency components 
of the incident field. The tensor laynAiui) is 
given by 


w(w)=:^| dfc (48) 

— Vj 

where, in the present problem, 

= iPay}*^ I R':!!Uk)H^{Ik) e (49) 

iKfl 

and q = k, — k„ is the difference between the 
wave vectors of the scattered and incident 
light. The operator ( ) is the Heisenberg 
operator 

( 50 ) 

where H is the Hamiltonian of the system of 
vibrating ions and the as.sociated electro- 
magnetic field. The angular brackets in equa- 
tion (48) denote an average over the canonical 
ensemble defined by the Hamiltonian H. 
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If a displacement field (9) gives rise to a 
macroscopic magnetic field (21), with an 
amplitude given by equation (23), then by 
superposition the displacement field given by 
equation (43) gives rise to a macroscopic 
field 


where n is now (cq/w), and we have used 
equation (8) to simplify this result. Inasmuch 
as is independent of k for 

j= 1 , 2, 3, then in view of equation (25b) only 
the optical modes contribute to p^, which we 
rewrite as 


W(x;/) = 2 //„(k)e'‘* 

It 


(51) 




e* n 


where 


HM 


Aw n 
fto — 1 


2 


} 


xWx.(k')J5550^(3(Ki') (52) 

which for crystals of the rocksalt structure 
simplifies to 


/7„(k) 




X 


2 


T„u{k]e{K' 




Q(K/). 


(53) 


When we substitute equations (5 1) and (53) 
into equation (49), we obtain for the result 
that 


A-jr 




opt. 

'^^^Say^Ti,p{q)^p(J)Q{qj). 155 ) 

I /ip 


Therefore, the elements of the tensor ^*( 0 ) ) 
are given by 


Lynx (ox) — N 




X 222 fiekfSayu- 

jl' itp m 

X T„{q)Tpp{q)l,{j)^p(j') 



>^{Q*{v;t)Q{qr;0)}. (56) 

To evaluate the Fourier transform of the 
correlation function, we introduce the 
(retarded) double lime Green's function [9] 


G(qj;qj' -,1) = ((0*(qi;O;0(qy';O))) 

= -'i?(/){[C^^(q>;/}.C?(qy';0)]) (57) 




X- 


n 

ly 

vvp(/f'|ly') 




, J(li-ql xUk) 


(/VM,.)*'- 

n 


C?(K/) 




w'p(«|qy 


2 ^p(q)e'(K).''^^ (2(qy) 


where ^(i) is the Heaviside unit step function. 
If we introduce the Fourier transform of this 
function by 

G(q./;qy’;0= f dEG(qj',qj'\E]e~"'' 

J --x. 

then it is the case that 


1 r* 

(54) f d/e-'“'(e*(qy;O(.nqj’;0)) 

J -X 


( 58 ) 
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( 0 ±‘{q) - 


8 (w'‘-(oJ(q)) 


X [O’(q,/;qi';a) + /0) -(7(qj;q,/';w-f0)]. 

(59) 

The Green's function Cl(qj\qj‘\t) obeys 
the equation of motion 

^imin([Q*(qJ),Qiqj')]} 
~f>‘i(Q*iqj;t)\ G(q/;0))). (60) 

The commutator of Q’^( qj ) and Q ( qy' ) is 


= ±.'/'(a;)8(a)'''~ta.^(q)) (65) 

which follows from equations (39) and (40). 

If we use the result, which follows from 
equations (6) and (8), that for crystals of the 
rocksalt structure 

( 66 ) 

and the explicit expression for 7'a(j(q) given 
by equation (27), we obtain finally as the only 
non-zero element of (in the case that 

q- (q.O.O)) 


(61) 


Consequently, taking the Fourier transform 
of equation (60) and making use of equations 
(61) and (44-46), we obtain 


(7(qy;qy'; Cl -8 


2tt 


I 


„ 4tt (('*)•’ ,,, ■ 


(62) 


Combining the results given by equations 
(56), (59) and (62), we obtain the result that 




s^iiw ( <-’* )- 
e"''" - 1 IX 



Xll 'l'wiq)T,„{q} 

MP I'lr 

X {q„q,r8(w“-w,'^)-l-(6p,T-qpq,/)-'^ 

X [6(w^ — Wf-(q))+8(w^-a>.-'''(q))]} 


(63) 


Cvxu(^) 


si;nia , 

__ I ' 


7'(w) 


{e*y 


X [ 8 ((u-— ( 04 -(q) ) + 6 (ej'‘— w-’lq))] 

= Cj;.r(a>). (67) 

Now let us estimate the intensity of scatter- 
ing via the present mechanism and consider 
the feasibility of observing this effect experi- 
mentally. The value of g in the limit of cu 
going to zero (for a static magnetic field) 
can be estimated from the data on Faraday 
rotation of a crystal at the wavelength of 
the exciting light A„, The Faraday rotation 
angle per unit length of a crystal is given 
by! 101 


= — («+-«_) 
A() 


( 68 ) 


where 


.y (o)) = 


(b)' —(Or')' L 


14- 


OJ"W„ 


(w^-oi/^^)^. 


(64) 


is the phonon strength function which has 
been used in previous discus.sions of polariton 
theory [2]. This function may be introduced 
upon noting the identity 


where and are the indices of refraction 
for light of positive and negative helicity 
propagating in the direction of the magnetic 
field. and n. can be derived from the 
expres.sion for the dielectric constant ep„j.(//), 
equation (7), in the presence of a magnetic 
field. When the magnetic field is along the 
z-axis, i.e, H= (0,0.//J, in a crystal of the 
rocksalt structure, we have 
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ll)l!3 


n. = [£<»' + (69) 

Combining equation (68) and equation (69), 
we obtain the relation between g and 0 in the 
limit of 1 

^ (70) 

^ ■ 

The value of g calculated for /r-type PbS at 
All = 10/tt from the Faraday rotation data of 
Palikf/fl/.tl 1] is approximately FOX lO’^G 
A rough idea of the relative strength of the 
magneto-optic scattering can be obtained by 
comparing the magnitude of Cvruf^a) in 
equation (67) with the electro-optic scatter- 
ing contribution in a crystal lacking 

a center of inversion. The electro-optic con- 
tribution to Raman scattering by polaritons 
in a zincblende type crystal can be shown to be 

ff'Oi (q)) - Nh 


X [5(aj'-<o+‘(q))-l-S((o-’-(«j..-(q))] (7i) 

where Q is the single non-zero electro-optic 
tensor element [12]. Thus the ratio between 
the magneto-optic and the electro-optic 
contributions to Raman scattering by polar- 
itons is roughly of the order of 

i'SvM 72) 

~ ■ 

The value of Q in zincblende type II-VI 
compounds such as ZnS and ZnSe is typically 
of the order of 5x lO'^esulH]. For «-type 
PbS at A,i= 10^ the ratio in equation (72) 
becomes 

<yA(a>) ^ ,(,^1 


Since the electro-optic contribution to Raman 
scattering by polaritons is experimentally 
observable [14], the first order Raman 
scattering by polaritons via the magneto- 
optic effect in lead salts of the rocksalt 
structure should also be experimentally 
observable. 

Finally, we point out that although we have 
emphasized crystals possessing the rocksalt 
structure in the present discussion, the general 
results presented here predict and describe 
the first order Raman effect from polaritons 
associated with i.r. active modes in arbitrary, 
centrosymmetric crystals. 
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Abstract -Neutron inela.stic scattering has been used to determine thefregiiency-wave vector phonon 
dispersion relation of MgjSn at room temperature along the |00j). and | symmetry directions. 
The frequency of the i r. active optical mode was found to be 5-56 x lO'^sec ' in excellent agree- 
ment with I r absorption measurements Slopes of the acoustic modes were in good agreement 
with elastic constant data. Both rigid ion and shell models have been least squares fit to the experi- 
mentally measured frequencies. A satisfactory fit to the experimental data was obtained with 9 and 
10 parameter shell models, hut no satisfactory fit was found for the 7 parameter rigid ion model The 
best fitting model was used to calculate the vibration frequencies along the 1 1(01 direction in addition 
to the directions for which measurements were made. 


I. INTRODUCTION 

MgoSn ts A fluorite structure semiconducting 
compound whose electrical properties have 
been studied extensively! I -6], However, 
knowledge of both the electronic and lattice 
properties are prerequisite to a thorough 
understanding of the physical properties of a 
crystal. A preliminary calculation of the lattice 
vibrations of Mg-^Sn for the principal sym- 
metry directions was made by Davis et (il.\l] 
using experimentally determined elastic con- 
stants and i.r. measurements. These data, 
however, are not sufticient to obtain a good 
description of the lattice vibration frequencies 
except possibly in the long wavelength limit. 
Inelastic neutron scattering provides a method 
ot measuring the normal modes of vibration 
throughout ihe Brillouin zone. The frequency 
and wave vector (w and q) of phonons which 
take part in the coherent single inelastic .scat- 
tering of thermal neutrons from a solid are 

'Work done under the auspices of the U.S. Atomic 
F nergy Commission. 

^Pre.senl address: Los Alamos Scientific Laboratory, 
Los Alamo.s, New Mexico 87544. U.S.A. 


given by the following equations of conserva- 
tion of energy and momentum: 


A£ = |£-£'(i| = fiw(q). 
Q = k„-k = IffT + q. 


( 1 ) 


where £(>. k„ and £, k are respectively the 
neutron energy and wave vector before and 
after scattering, and t is a reciprocal lattice 
vector. By making a series of neutron scatter- 
ing measurements with a single crystal sample 
it is possible to obtain extensive information 
about the phonon dispersion relation, i.e. the 
relationship between w and q for the normal 
modes of vibration of a crystal. 

In this paper we report on an experimental 
study of the lattice dynamics of Mg.Sn by in- 
elastic thermal neutron scattering which was 
made using a three axis spectrometer at the 
Materials Testing Reactor. Experimental 
measurements were made for q along 100{]. 
R^O] and symmetry directions. The 
symmetry properties of the fluorite structure 
which are derived in a companion paper [8] 
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(hereafter referred to as KWS II) were used to 
classify the branches of the dispersion relation. 
The experimental data have been compared 
with rigid ion and shell models whose para- 
meters were evaluated by a least squares fit- 
ting routine to give the best agreement between 
the individual models and the data. The rigid 
ion model fit the experimental data very poor- 
ly whereas both nine and ten parameter ver- 
sions of the shell model fit the data very well. 
No attempt was made to calculate any thermtv 
dynamic properties from the models since the 
low Debye temperature [9| indicates that 
there would be appreciable anharmonic con- 
tributions to these properties) 10). Ihe cost of 
computer time needed for accurate frequency 
distribution calculations was also an important 
consideration. 

Single crystal inelastic scattering experi- 
ments have been performed elsewhere on Cab;; 
(Il|, and UO;;(I2|, both of which have the 
fluorite structure. .Some of the results of the 
UO.i experiment will be discussed and related 
to the present experiment, 

2. LATTICE DYNAMICS 

I he crystal structure of Mg,.Sn consists of 
three interpenetrating face-centered cubic 
lattices; one lattice of tin ions with origin 
(().(),()) and two of magnesium ions with 
origins tit (<;/4)( 1 , 1 . 1 ) and (3((/4)( 1 . 1 . 1 ). 
Each tin ion occupies a center of inversion 
symmetry tind is surrounded by eight mag- 
nesium ions. A drawing of the unit cell with 
atoms labeled as in the present paper is given 
in KWS 11 and also by Whittene/n/.[1.3|. The 
lattice constant has the value u = 6'75ti A ( 14). 

In the harmonic approximation the vibra- 
tional frequencies a)(q) of the lattice are the 
solutions of the secular equation; 

a,/3 = x,y\z 

det|w''‘(q)6,A«’- Art' (q)l = (2) 

kk' = 1,2,4 

Terms in this equation are defined in the 


Appendix. The dynamical matrix D is of the 
order 9x9, and hence, there are nine eigen- 
values (o. or nine branches of the dispersion 
relation for an arbitrary direction of q. Three 
branches are acoustic and six branches are 
optic. For wave vectors q in directions of 
high symmetry D can be reduced to lower 
order matrices which simplifies the work in 
solving the above equation, and the number 
of distinct branches of the dispersion relation 
may be reduced because of degeneracies. In 
addition, along directions of high symmetry 
the eigenvectors for the normal modes of 
vibration are often constrained by symmetry 
whereas along some arbitrary direction they 
usually are not, a point which is used to ad- 
vantage in planning and completing the ex- 
perimental measurements. In KWS II the 
reduction of the dynamical matrix and the 
classification of the phonon branches accord- 
ing to symmetry arc discussed. 

Briefly, in the [00$] direction there are three 
transverse branches, each doubly degenerate, 
and three longitudinal branches. The same 
statement applies for the direction where 
again all branches have pure polarizations. 
For waves propagating along [^{0] there are 
three transverse branches which are polar- 
ized along l^^O), The other six branches for 
this direction of propagation do not have 
symmetry determined polarizations. 

3. EXPERIMENTAL METHOD AND RESULTS 

Experimental measurements reported here 
were made using a three-axis spectrometer 
installed at the Materials Testing Reactor 
(MTR), The spectrometer, which has been 
described elsewhere [15J consisted of two 
units; (1) a monochromator facility for pro- 
ducing a monoenergetic beam of neutrons; 
and (2) a sample platform and energy analyzer 
unit which were mounted on a large diameter 
rotary table. All measurements were made in 
the ‘constant Q' mode with the incident neu- 
tron energy held constant. During the initial 
phase of the experiment the spectrometer was 
installed at the HB-3 beam hole of the MTR. 
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Utilizing two spherical aluminum crystals with 
the (1 1 1 ) planes of the two crystals aligned in 
the ‘parallel’ configuration to produce a mono- 
chromatic beam with a wavelength of 1-349 A. 
A third aluminum crystal, again using the (1 1 1) 
planes, was utilized as an analyzer crystal. 

Because of the low beam intensity at the 
sample position (< 1 x 10“neutrons/cm'^/sec) 
and the poor statistics on many of the phonon 
scans [16] the measurements were repeated 
with the spectrometer installed at the HT-1 
south beam hole of the MTR. In the second 
series of measurements a beryllium crystal. 
(002) planes, was used as monochromator 
giving a flux of 5 x lO^neutrons/cm^/sec at 
the sample position with a neutron wavelength 
of 1-227 A. Horizontal collimation of 0-3° 
fWHM was used between monochromator 
and sample positions and 0-5° hWHM be- 
tween sample and analyzer positions. The use 
of a copper crystal as an analyzer gave a fur- 
ther increase in counting rate which overall 
amounted to a factor of 1 5 due to changes in 
both monochromator and analyzer crystals. 
The efficiency of data collection was improved 
considerably during the second series of 
measurements through the interfacing of the 
spectrometer to a PDP-9 computer[l7|. The 
necessary constants were read into the com- 
puter for each phonon scan along with a se- 
quence of numbers which dictated the order 
in which the measurements were to be per- 
formed. All spectrometer angle settings were 
calculated by the PDP-9 including angle cor- 
rections to get from the final angles of one 
scan to the initial angles of the next scan. Auto- 
matic operation by the computer included the 
recording and resetting of data and monitor 
scalers and the incrementing of the spectro- 
meter angles through digital pulses supplied 
from the computer to Slo-Syn stepping motors. 

The MgjSn single crystal was grown by a 
modified Bridgman technique. Its shape is that 
of a cone with a base diameter of 1-95 cm and 
a length of 5-95 cm. Resistivity and Hall co- 
efficient measurements on* similar samples 
show a residual carrier concentration of =» 10'® 


cm"*. Although specific experiments to deter- 
mine the mosaic spread of the sample were 
not performed, it is estimated to be approxi- 
mately 5 min of arc. 

All measurements were restricted to scatter- 
ing in the ( iTO) plane, and data were obtained 
for waves propagating in the symmetry direc- 
tions [00{], [f{0] and [m). For both [00{j and 
directions where the number of branches 
is reduced to six by degeneracy data were ob- 
tained on all branches. However, along [^^0] 
data were obtained for only six of the nine 
branches because the polarization for the other 
three branches was normal to the scattering 
plane. Structure factor and focusing considera- 
tions were used as a guide in determining the 
reciprocal lattice position for maximum inten- 
sity of the various phonon modes. The results 
of Elliott and Thorpe[18| were also helpful 
in the choice of lattice point. Figure 1 shows 
the ( iTO) reciprocal lattice plane with the struc- 
ture zone and Brillouin zones outlined. Alpha- 
betically labeled points have been included in 
the figure to indicate the region in A-space in 
which a given branch was investigated, letters 
A-f-' for the A direction. G-L for the 1 direc- 
tion and MS for the A direction with the 
branches for each direction labeled in order 
of increasing frequency. In Fig. 2 data peaks 
are displayed for each of the six .\ branches 
for constant Q scans taken at { = 0- 3. The time 
required for the constant Q scans varied typi- 
cally from a few minutes for the low frequency 
acoustic modes to about 4 hr for the optic 
modes. 

The measured normal mode frequencies for 
MgjSn are listed in Table 1 and the data are 
displayed in Fig. 3. Errors on the data are 
generally in the range 1-2 percent. The group 
theory notation used is that of Bouckaert ef al. 
[19]. For the symmetry directions [00{] and 
[5{^] the diamonds indicate modes having 
transverse polarization and the circles indicate 
longitudinal modes while along [{{0] the polar- 
izations are not necessarily pure for the ob- 
served branches. Initial slopes of the acoustic 
branches are in very good agreement with the 
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f ig, I. Reciprocal space plol foi MgjSn showing the Brillouin zone outline (solid lines) in 
the scattering plane of the experiment along with an outline of the periodic range of the 
dynamic strucluie factor (dashed lines) Alphabetically labeled points indicate the region in 
which the various branches were measured, points /l-F for the |KC1 direction, C-L for the 
lc(n] direction, and M-.\ for the [OOt;] direction with the label in order of increasing 
frequency for each direction 


ela.stic constant data of Davis ft «/.[7J and 
the observed 7 0(1) mode for which i'=5-56x 
lO'^sec ') is in very good agreement with the 
i.r, absorption data (p = 5-.^7 x 10‘^sec'' ) 
of Kahan et a/. 120], We were unable to ob- 
serve the LO(I') mode corresponding to the 
end point of the A| optical branch, so the open 
point shown in the data figure was determined 
from the Lyddane-Sachs-Teller relation [21] 
using the frequency of the TOID mode cited 
above and the dielectric constant data of Kahan 
et til. The dispersion relation data for MgjSn 


are quite similar to the dispersion relation for 
1)0.(121 except for the fact that acoustical 
and optical modes are clearly separated along 
the three symmetry directions in Mg^Sn while 
they are not for UOj. 

Lipson and Kahan[3| have deduced from a 
fitting procedure based on optical absorption 
measurements that the electron transition to 
the conduction band in MgjSn is indirect and 
requires a phonon energy of 0 (K)8 eV. Piezo- 
resistance measurements [5, 6] show the con- 
duction band to have a minimum along the 
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Eig, 2. Dala peaks obtained for each of the six A brandies at 0-3 
with the spectrometer operated in the ‘constant Q’ mode, fhe letter 
identification assigned to each peak is used to identify the fixation 
in Cspace where the measurement was made as indicated m I ig. I 


lOOt,] direction while the valence band maxi- 
mum is at the zone center. Hence the phonon 
which assists in the electron transition lies 
along [OO^J. Neutron inelastic scattering in the 
present experiment shows that the energy 
value 0-008 eV occurs at approximately 5= 
0-5.‘i on the 4,, acoustic branch which puts the 
conduction band minimum inside the Brillouin 
zone. However, since MgjSn is a symmorphic 
group (unlike silicon it has neither glide planes 
nor screw axes) we suspect that the minimum 
IS actually on the zone boundary. This is in 
■agreement with recent band calculations per- 
lormed by Au-Yang and Cohen [22]. Presum- 


ably the optical absorption data must be 
compared with a phonon energy of 0 0091 ± 
0-0001 eV. assuming that only this mode 
contributes, 

4. MODELS 

Three different models based on the Bom- 
von Karman theory of lattice dynamics have 
been employed to calculate the lattice vibra- 
tion frequencies of Mg^Sn, The simplest model 
is the rigid ion model which treates each ion 
as a charged particle. Dynamical matrix ele- 
ments for a rigid ion model of the fluorite lat- 
tice were first derived by Srinivasan[23] and 
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Table I. Observed phonon frequencies for MgjSn in units of 
10'- m-' 


nirecliun 

| 00 {| 


l«<ll 


IWI 


1 ^ llt/127! 

i,(4) 

A, (4) 

a'.j(0) 

a,(0) 


A,(0) 

()'2 

0 89 

1 40 

6-42 

5-55 

6-58 

6 92 

0-4 

1-60 

2-45 

6 14 

5-.3() 

6.56 

733 

()-6 

1-96 

3-22 

5 -.32 

4 '95 

6 66 

811 

0-S 

221 

3'.55 

4 75 

4-72 

6'7.3 

878 

I-O 

2 21 

3-6« 

4 47 

4 58 

6 79 

9 07 




2;,(0) 

S,(l)) 

S,(l)) 

2,(0) 

0-2 

l-S.S 

1 25 

5 38 

6-52 

6-29 


0 4 

.4 02 

213 

508 

6 II 

5-86 

7 42 

O.s 

3 26 






Oh 

3-22 

2 71 

4-67 

5 74 

6-26 

7'.5 

0 8 

2 96 

331 

4.50 

5 09 

6-67 

8 12 

09 

2 32 

.3 59 

4-47 




1 0 

2 21 

3f)8 

4-45 

4 58 

6-79 

9 07 



\,(.() 

\ ,(0) 


A,(0) 

5,(0) 

0 1 

0 72 

1 18 

5 57 

6-55 

6 24 


0 2 

1-28 

2 42 

5 6.3 

6' 38 

5-74 

7’62 

or 

!S| 

3 17 

5 74 

6-21 

5 ■65 

7-82 

04 

1 57 

3-45 

5-86 

6-11 

5 79 

7-63 

O.S 

1 60 

3 43 

.5-97 

6(8) 

5 91 

7 60 


r.) - 


Ganesan and Srinivasanl24|. They con- 
sidered Ca-h (1-11 and l-IV) and P-h (11-11, 
il-IV and IV-IVI shurl range interactions 
plus the long range Coulomb interaction, 
which gave ;i total of five independent para- 
meters in the model. The model of Ganesan 
and Srinivasan was later extended to include 
third neighbors (1-1 interaction) and applied 
to MgoSi and Mg.Ge by Whitten el u/.|i3) 
and Chung f'/w/. [25 1. 

A qualitative description of the data can be 
obtained u.sing the rigid ion model, but this 
model fails rather badly in describing the high 
frequency longitudinal optic modes of ionic 
crystals. By taking into account the polar- 
izability of the ions a much better description 
of the dispersion relations can be obtained. 
This can be done by means of a shell model 
which considers each ion to be made up of a 
core and a shell which are coupled together, 
but are able to move separately giving a net 
polarization to the ion. The vibrational fre- 
quencies are obtained as solutions to the 
secular equation (2) where the dynamical 


matrix is given in the shell model 

(26. 271 as; 

D = (R + ZCZ) - (T 4 - ZCY)(.S + YCY ) -' 

x(T1+YCZ). (3) 

Here R, T, and S are 9 x 9 matrices represent- 
ing the core-core, core-shell and shell-shell 
interactions, respectively, Y and Z are 9X9 
diagonal matrices representing the shell and 
ion charges and C is a 9x9 matrix repre- 
■senting the long range Coulomb interaction. 
The adiabatic approximation which sets the 
shell mass equal to zero has been introduced 
in order to obtain equation (3) from the 
equations of motion. To further reduce the 
number of parameters it is assumed, as usual, 
that the overlap forces act only between the 
shells of neighboring ions. In this approxima- 
tion, T=R and S = R-I-K, and because the 
force constant matrices must be real-symmet- 
ric or Hermitian, Tt = T. K is a diagonal 
matrix such that Kaaiu) is the core-shell 
coupling constant for the Kth atom. The dy- 
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namical matrix for fluorite type crystals is a 
9x9 Hermitian matrix since there are three 
atoms in the primitive unit cell, not alt re- 
lated by inversion symmetry. 

The most complete work to date on a fluor- 
ite type crystal was done by Dolling el al.\]2] 
who measured the dispersion curves of UO,; 
using neutron inelastic scattering and fitted 
their data with several models including the 
third neighbor shell model. Short range terms 
used in the present paper are the same as those 
used by Dolling et ul. with the corrections 
noted in the Appendix. Formulas are al.so 
given in the Appendix for relating the para- 
meters of Davis [7] to those of Dolling. The 
elements of the short range matrix given by 
Axe (281 are the same as those given by Doll- 
ing if the U-U interaction is neglected and 
the force constants defined in terms of e'^llV. 
instead of (Here is the volume 

of the primitive unit cell.) 

Davis et ill. used acoustic, i.r. and Raman 
data to evaluate the parameters of both 
shell and rigid ion models for Mg. 2 Sn. Be- 
cause of the limited amount of experimental 
information which Davis et ul. had available 
it was necessary for them to restrict the num- 
ber of parameters in their models. In their 
shell model only the Sn ion was assumed 
polarizable and one other parameter was as- 
sumed equal to zero. Their models gave a 
fairly good fit to the acoustic modes but gave 
a poor fit to the optic modes. 

Whitten et o/, fl,^] calculated the Coulomb 
coupling terms which can be used for the .Sn- 
Mg" and .Sn-Mg‘' coupling while Kellerman’s 
(29] NaCI results can be used for the Sn-Sn 
and Mg'-Mg" plus Mg'''-Mg'' interactions. 
Rather than use these published values which 
were only accurate to 1 or 2 decimal places, 
a computer program was written which was 
used to make calculations accurate to five 
decimal places [30|. These values were then 
read into the computer as a table at the begin- 
ning of the program used for the least squares 
fitting. 

In the present experiment classification of 


the branches in Fig. 3 was made after com- 
paring with the calculated frequencies found 
for the various submatrices in KWS 11, using 
preliminary values of the force constants. By 
using the block diagonalized dynamical matrix 
it was possible to identify each branch uniquely 
and thus be certain that each of the calcu- 
lated eigenvalues was paired with the proper 
experimental frequency for the least squares 
fitting of the models to the experimental data. 
Starting with the parameters given by Davis 
et al. the parameters of the rigid ion (model 
I) and shell models (models II and III) were 
obtained by least squares fitting to the dis- 
persion curves in (he [00^], f^^O] and [^^^1 
directions. Parameters of the models are pre- 
sented in Table 2 and results of the calcula- 
tions with these models are displayed in Fig. 
3 (model III) and in Fig. 4 (models I and II). 
A good fit to the experimental data was ob- 
tained with the ten parameter model (III) and 
with the nine parameter shell model (11) which 
considered only the Sn ion polarizable. 

In model 111 the shell charge on the Mg ion 
was fixed at - 8'0 e because it tended to physi- 
cally unrealistic values when allowed to vary. 
(Values ranging up to 500 e in magnitude were 
obtained in the fitting.) Even in model HI 
which considered both ions polarizable, the 
polarizability of the Mg ion was negligible. 
Calculation of the polarizability of the Sn ion 
10-24 and 10-40 for models II and III (units of 
A-') respectively. Tessman et «(.[31J report a 
value of 3-4 A-'' for the electronic polarizability 
of the Sn^* ion. 

Elastic constants were not included in the 
least squares fitting but were calculated for 
each of the models after fitting to the neutron 
data. The equations used are given in the 
Appendix. They were obtained by extending 
the recently published equations of Srinivasan 
[32] to third neighbors using the equations 
given by Chung et al.\25]. As can be seen in 
Table 3. model 1 gives a poor fit to the elastic 
constant data as well as to the neutron data. 
Of course, it would have been possible to ob- 
tain a rigid ion model which gave excellent 
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Table 2, Values obtained for lattice dynamics model parameters by 
least squares fit of the models to the dispersion relation data of Table I 



Sn-Mg 

Mg„- 

-Mgiv 

Sn-Sn 



Model 

A,* 

fl,* 

A,* 

BZ 

A,* 



I 

5-7} 

2-37 

in 

0-12 

3-42 

-2-07 


II 

21-34 

-3-00 

0 24 

0 29 

0-10 

0-97 


III 

19-71 

-2-45 

0-60 

0-21 

1 71 

0-25 



/'.t 

Z,t 

V.t 

nt 

K, 

K, 

v’ 

I 

-1-03 

0-52 

0 

0 



2-70 

II 

-2-07 

1-04 

-4-90 

0 

132 


1-96 

111 

-1-94 

0-97 

-5-18 

-8-0 

1.53 

10' 

1-66 


The parameter indicates the quality of fit in the least squares computation, 
•Short range parameters in units ofeVE. 
tCharge parameters in units of e 


Table 3. Elastic constants, polarizability, 
and equilibrium check (E.C.) calculated 
from the parameters of Table 2 


Model 


r,4 



F.(' 

1 

0-691 

0.361 

0-159 

0 

-1-131 

II 

0-856 

0 235 

0-355 

10-24 

1 317 

III 

0-918 

0 419 

0-333 

10-40 

0-085 

l-.xp.* 

0-824 

0-208 

0-.366 

3-4 

— 


Elastic constants are in units of lO'-dyn/cm*. 
1 Experimental data from reference [71, 


values of the elastic constants if the neutron 
data were ignored, but all rigid ion models 
considered gave a very unsatisfactory des- 
cription of the dispersion curves. Model II 
gives very good values of the elastic constants 
and model III gives quite good values forC,, 
and C 14 , but C ,2 is high by a factor of 2. From 
this standpoint model II would appear to be 
preferable although model III gives a slightly 
better fit to the neutron scattering data. 

Another check of the credibility of the 
models can be obtained from the equilibrium 
condition which can be derived from the co- 
hesive energy of the unit cell: 

= KZ.ZjeVr-ESdr.fr') -E6d)..(r) -E6</),{F') 

( 4 ) 

where the Madelung constant aAf = 5-818 is 


in terms of the Mg- Mg separation, r = 3-379 A, 
r' = vT/(2r), and r'' = ^r. At the equilib- 
rium separation the cohesive energy should 
be a minimum resulting in the relation 

BiE — = 0 (5) 

where B,, Bj and B^ are short range force 
constants defined by Dolling et u/. [12] in 
units of e'^IV. 

The condition that (5d>/dr)r»r„ be equal to 
zero was not used as a constraint in the fitting, 
but it is interesting that the best fitting model 
comes the closest to satisfying this condition. 
Models I, II and 111 give values of- 1-13. 1-32 
and 0-085, respectively for the left hand side of 
equation (5). From considerations of the equi- 
librium conditions, elastic constants and from 
the fitting of the neutron data it appears that 
models II and III give realistic physical pic- 
tures of the forces binding the Mg^Sn crystal. 

While developing the computer programs 
for the fluorite structure force constants given 
by Dolling et «/.[l2] were used to calculate 
the vibration frequencies and elastic constants 
of UOj. It was found that the calculated elastic 
constants were twice the values reported by 
Dolling et al. and that the calculated frequen- 
cies of vibration were high by a factor of V2. 
After dividing the force constants by 2 and the 
charges by V2 the calculations came into 
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agreement with those quoted by Dolling et al. 
If would appear that these authors actually 
used units of (e'^llU) rather than (eW) in their 
calculation. A check of the equilibrium con- 
dition was made for UOj using these corrected 
values in equation (5). The values obtained for 
the four models were— 0-43, 0-48. 11 and 0-58 
for models I. 11, III and IV, respectively. 
On this basis their model IV would appear to 
be superior to model III although the latter 
gives a slightly better fit to the neutron scat- 
tering data. 

In addition to the frequency calculations 
made for the branches of the dispersion rela- 
tion of MgaSn which were measured experi- 
mentally, frequencies were calculated for the 
!■, and branches and for all the branches 
along flfO). The results of these calculations 
for model III are shown in Fig. 5. Symmetry 
points in the Brillouin zone and the branches 
of the dispersion relation are labeled accord- 
ing to BSW notation [19], Along the 11{0| 
there are nine di.stinci branches which de- 
generate to seven at the point W. For Mg^Sn 
the two Z, branches arc very close together 
and become accidentally degenerate at W. 

5. SUMMARY 

The phonon dispersion relation h<is been 
measured in the present experiment along the 
symmetry directions (OOt;), [{{0) and for 
Mg.jSn by slow neutron scattering. The.se 
results are quite similar to those reported for 
DOi except that a distinct separation of acous- 
tical and optical branches occurs for Mg-^Sn 
while it does not for UO^. Kigid ion as well 
as nine and ten parameter versions of the shell 
model have been least squares fit to the data 
with the ten parameter shell model giving the 
best overall agreement with the data. 
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APPENDIX 

The elements of the short range matrix R are as found 
in Dolling el at. [ 1 2) with the following two corrections: 

W = (8/3 ) (/( I -1 2 B, ) + 2(/l ., -(- /) ,) ( 2 - cos f„(cos 

+ cos I,) ) + dBjf I - cos fg cos (,) 
/<^=(4/3)(-4, + 2B,) + 2,4., + 4fl,. 

These elements can be related to those given by Davis 
el (i/.[71by the relations: 

a, = (/4i +2B,)/3 = (/(,-B.,)/2 

^, = (A^-B,)n a,, = A., 

Oi — Rt /3, = b-p 

/32 = (/(,, + B ,)/2 


It should be noted that for both the short range matrix 
and the Coulomb matrix D;S' = DS;', Dli=D'ff. and 
OJi=D,;j. Used in connection with the Hermetian prop- 
erly these relations reduce the number of independent 
elements of both R and C from 8 1 to 24. The 24 inde- 
pendent elements of C were read into the computer for 
each value of the wave vector and the other elements de- 
fined in terms of the elements read in. In the symmetry 
directions considered some of the 24 elements were iden- 
tical because of the equivalence of different components 
of the wave vector. 

The equations for the elastic constants were obtained 
by adding the third neighbor terms given by Chung el al. 
f25] to the equations given by Srinivasan[32]. Note that 
Srinivasan has taken Ud = all. and defined force constants 
in units of e‘‘l2 V = 

C„ = (2/rt)ll/3(/4, -b2fl,)-b/l, +A, + B, 

+ 3-05l2Z2*l(r'Vf') 

C,2= (2/fl)[d,/3-4B,/3 -8,4^3/2-53, /2 

-5 4044Z,'l(f''/E) 

C« = (2/a) { (/1 , 4 2B, ) /3 4 B, 4/45/2 4 3B ,/2 

_,s«67r l- S 0288Z.,’-j(4,-B,)l' 

* 1«4,42B,)44542B5] 
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EXPANSIONS OF THE FREE ENERGY NEAR A 
PHASE TRANSITION 

DANIEL J. AMIT* 

Department of Physics. Brandeis University Waltham, Mass. 02154, U .S.A 
{ReceivedMIJiine 1 96*): in revised form 2 1 Ocloher 1969) 

Abstract- A phenomenological theory dcseribing ihe uniform and non-uniform properties of a system 
near a critical point is proposed. This theory allows for quite general exponents satisfying certain 
relations e.g scaling relations. The form of the expansion in powers of the order-parameter is different 
from prevtotis attempts to generalize the Landau-Ginzburg theory This change in the form of the 
expansion allows for the allocation of a well defined region m the order-parameter temperature 
plane in which the theory is expected to be a good approximation The expectation is reinforced by a 
recent experiment of Ho and l.ilster, I he proposed expansion includes in a natural way a possible 
logarithmic divergence m the specific heat without affecting other properties with logarithm terms. 
1 he determination of the parameters in the theory is discussed both for cases in which the order- 
parameter IS experimentally accessible and for cases, like (he superlluid. in which it is not accessible. 


1. INTRODUCTION 

Thf, POSSIBILITY of finding an expansion of 
the free energy of a system in the neighbour- 
hood of a non-classical phase transition has 
recently received a fair amount of attention 
11.2J. Che desire to obtain an expansion of 
this type stems from the great usefulness of 
the Landau [3] and Landau-Ginzburgf4| 
theories which described all phase transitions 
qualitatively and some, like superconductivity, 
quantitatively. The Landau-Ginzburg theory 
would predict the same critical exponents for 
all phase transitions i.e. the classical ex- 
ponents! 51. This, as is well known, is not 
borne out by experiments [6]. Two other 
difficulties appear in the ‘straight’ Landau- 
Ginzburg theory: ia) The relative fluctua- 
tions in the order parameter diverge as one 
approaches the critical point [7] so that there 
IS a region around the critical point, sometimes 
quite small, from which the theory is excluded: 
(/)) While the exponents satisfy all the 'scaling 
relations’[8] but one, namely dp' = 2 — a', 
this violation is serious as it involves the 
violation of the rigorous inequality dv' > 


’fcrmaneni address: Department of Theoretical 
Physics, Hebrew University, Jerusalem, 


2-a'. proved by Josephson[9]. d is the 
number of dimensions. i/ and «’ are the 
critical exponents of the correlation length 
and the specific heat below the transition 
temperature. Thus the Landau-Ginzburg 
theory is not an acceptable theory of the 
critical region. 

The attempts to generalize the phenomeno- 
logical theory invariably 1 1 , 2J interpreted the 
Landau-Ginzburg theory as an expansion in 
powers of i|;/€" where i|i is the order parameter, 
e-the dimensionless temperature difference 
from the critical point and /J— the critical 
exponent of the equilibrium order-parameter. 
Thus, for example, the local part of the free 
energy in the Landau-Ginzburg case could 
be viewed as 

= £-[/f|(i|/-/f ) ( 1 1 

The generalization was made by letting the 
exponents of t in the coefficients of the various 
powers of i]i (which were taken to be integral) 
assume non-integral values but keeping a 
small number of terms. Since in Ihe (i/i,e) 
plane only Ihe origin is a singular point this 
form of expansion must imply that one cannot 
approach 6 = 0 with finite order parameter 
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[10], Such an expansion could be meaningful 
in regions of the (ip,€) plane denoted by A1 
and A2 in Fig. 1. There is nothing special 
about region Al, above the transition, and 
such an expansion in that region was proposed 
by Griffithsll 1] where for the sake of gener- 
ality an infinite number of terms is kept. But 
in the above mentioned theories! 1, 2 1 it 
was assumed that such an expansion can also 
be carried out below the transition i.e. the 
region A2 of Fig. I. Furthermore, it was 
believed (or hoped) that the region A2 would 
extend some finite amount beyond the co- 
existence curve (marked by jt,, in Fig. 1), 



Fig. 1. The i/i-f plane. The curve ijj — .rut- t)" is the co- 
existence curve. A I and A2 arc the regions of expansion 
in refs. (1.2) with a, > x„. Region B is the region where 
the expansions of .Section 7 are used 

SO that the equilibrium value of t/i, iji(e). could 
be determined in this region, thus giving one 
relation between the coefficients. In fact, the 
only reasonable procedure for finding 
was by minimizing the free energy as a func- 
tion of jc = i/)/ |ci^ from the right. That is from 
values of JC > To where 

=To(-£)/3. (2) 


Clearly, even if such a series existed it would 
no! be able to f’ive us any information about 
the behaviour of the various thermodynamic 
quantities alonit the critical isotherm (the 
ifi axis in Fig. 1(12]). Moreover, the transition 
from € > 0 to e < 0, which is important for 
the proximity effect [ 1 3], is very artificial. 

In this work it will be argued that it is more 
pleasing to have an expansion in the region B 
of Fig. 1 with a small number of terms. This 
is for (i/i/lf]'') large or small. This 

region includes both positive and negative e 
values. The proposed expansion is analytic in 
f and thus, like in the original Landau theory 
13], the change in sign of the term linear in 
€ brings about the instability and broken 
symmetry. All the coefficients retain their 
values on crossing the critical isotherm. As far 
as the values of i/r off the positive real axis are 
concerned we assume that there is a complete 
symmetry in the critical region and that i/i can 
be replaced by |i]/|. This presented a difficulty 
in expansions which had non-integer powers of 
€ since one could not reasonably assume a 
symmetry between e and (-e). In fact, such 
theories postulate two different functions in 
the disjoint regions A, and A.^ with no way of 
connecting them within the expansion. To 
support the belief that region B can be ex- 
tended to the coexistence curve we will call 
to our aid the recent illuminating experiment 
of Flo and Litster[ 1 4] on the equation of state 
of a ferromagnet. 

The main advantages of the proposed expan- 
sion are: 

(a) It has a well defined region in the ijte- 
plane in which it is a good description of the 
free energy. Thus, for example, the coexistence 
curve and the critical isotherm are within the 
range of one and the same expansion. This is 
to be contrasted with the former expansions 
which were to hold in an ambiguous vicinity of 
the coexistence curve. 

(b) In the case of a logarithmic divergence 
of the specific heat this behaviour is naturally 
encompassed in the expansion. No other 
properties are logarithmically infected. 
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We will also carry along a term describing 
the price, in free energy, of spatial inhomo- 
geneities of the order parameter. This will be 
done in a way which allows for non Ornstein- 
Zernike behaviour of the correlation function 
for large wave numbers [15]. 

It will be shown that if a description of the 
proposed type with a local order-parameter 
averaged over a volume of the scale of the 
correlation length should exist for a priori 
reasons then Josephson’s inequality [9] follows. 
On the other hand, if the exponents are fixed 
phenomenologically then Josephson's in- 
equality insures us against fluctuations in the 
order parameter becoming greater than the 
local value itself, as we approach T,.. This is 
in contrast to the difficulty present in the 
Landau-Ginzburg theory. 

In order to be able to use the proposed ex- 
pansion in the analysis of inhomogeneous 
situations, restricted geometries, etc., one has, 
first of all, to determine phenomenologically 
the coefficients. The experimental information 
needed in this case will be discussed. 

In Section 2 the free energy functional is 
postulated. The requirements on the homo- 
geneous function due to the broken symmetry 
are discussed. The bulk properties of the 
system are discussed in Section .T This is 
mostly a recapitulation of such arguments as 
those of Widom[16] and Griffiths [1 1] which 
show that the scaling relations between the 
exponents of the bulk properties have been 
built in. Section 4 is devoted to the critical 
behaviour of the correlation function. The 
connection between the long wave-length 
behaviour of the correlation function is made 
following Josephson[l5, 2a]. The remaining 
exponent relations which are implied by the 
postulated free energy are exhibited. In Section 
5 we spell out our conception about the mean- 
ing of spatial variations described by the free 
energy functional. The expansions, for a > 0 
and a = 0, of the local part of the free energy 
in region B of Fig. I are stated in Section 7. 
The relevant non-vanishing coefficients are 
discussed. Finally, in Section 8 we discuss in 


detail the experimental information necessary 
for determining the exponents and coefficients 
which appearin the expanded free energy. This 
is done for three most common cases, namely, 
when there is a field conjugate to the order 
parameter experimentally accessible and 
either a > 0 or a = 0 and the third case is 
no conjugate field and a = 0 (the case of super- 
fluids). It is interesting to point out that for 
the determination of the exponents in the free 
energy one does not need, in the practical 
cases, to use the relation dv — 2~a. Even for 
the superfluid where one measures the super- 
fluid density it is shown that if the superfluid 
density exponent is 2/3 then so is v in any 
number of dimensions. 

2. THE FREE ENERGY AND EQUILIBRIUM 
ORDER PARAMETER 

We postulate a free energy which is a func- 
tional of a spatially varying order-parameter 
For simplicity we take it to be a real 
scalar. The generalization to complex or vector 
order-parameter does not cause any problem. 
It will be written as: 

.^( A". £. {^ } ) = f o(X € ) +/d5r [/f J V.i; ! 2 

where F„ is an analytic function of e and X 
denotes a set of thermodynamic variables 
which are needed to specify the state and 
e = {T~T^)ITr- may depend on e and we 
define; 

= (4) 

The need for this type of behavior is discussed 
in Section 4.* The field h conjugate to i|/ is 


’The behavior of A„. equalion (4), could nol descnbe 
the contribution of spatial inhomogeneities near the cniical 
isotherm. It may possibly be generalized lo read A,, - 
f’ol't’l’'’'". this affect the spatial behavior of i/i in 
restricted geometries but will nol change any of the con- 
clusions reached hereafter. The restriction of this term 
to the neighborhood of the t = 0 line is discussed in Sec- 
tion 7 I am grateful to the referee for pointing out this 
ambiguity. 
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obtained from the free energy as a functional 
derivative with respect toi//(r). We have: 


h{r)=n-' 


Sili(r) 


(5) 


which is the equation of state. 

6 and are left arbitrary. Clearly, the 
Landau-Ginzburg free energy is a special 
case of (3) when 8 = 3 and /3 = 1/2 and we 
keep only the two lowest order terms, the 
zeroth and first, in the expansion of </» in 
powers of its argument. 

It is further assumed that (3) includes the 
effects of fluctuations since the order para- 
meter is averaged over volumes of size 
where f is the correlation length and d is the 
number of dimensions ( 1 7 1. 

At equilibrium the order parameter is uni- 
form and its value is to be found by minimizing 
) with respect to iji. fhe equation is: 


//(.//,«) =j8-'./;'’[/3(8 + l)d)(.r)-.v(/.'(.r)] =0 

(6) 


where <// = d</)(A)/dxand 


.v = ei/- (7) 


energy since the left hand side of ( 10) is the 
susceptibility at that point in the (i|/,€) plane 
1 1 9], The requirement has to be imposed on ^ 
everywhere in the plane. 

For e > 0 or A > 0 equation (6) should have 
no zeros, except i|/ = 0. 

3. SPECIFIC HEAT AND SUSCEPTIBILITY AT 
EQUILIBRIUM 

In the previous section we formulated the 
ansatz for the free energy and identified /3 
by equation (S). Requiring that the critical 
behaviour of the equilibrium bulk properties 
be described by our ansatz we now proceed 
to identify 6 and to exhibit the scaling relations 
implied by the ansatz for these properties. We 
treat the cases « > 0 and a = 0 in turn. 

(a) a > 0 

If wc are above the transition £ > 0 
and as !];-♦() we have a -* How does 
d> behave? We know that along the £-axis 
where = 0, the specific heat, at constant 
X and h = 0. diverges as £'“ which implies a 
term behaving like in SP. Thus, as i// -♦ 0 
and £ is small we must have for the asymptotic 
behaviouroftj: 


We restrict ourselves, for the moment, to 
Ip > 0. The shape of the coexistence curve 
is given by: 

0(e)=A„(-e)« (8) 

where -a,, ' 0 satisfies equation (7) together 
with: 

^[0«-‘d,(A)]5>O. (9) 

Using ip. equation (8), the inequality reads: 

^»-'[S(8 + l)d>(-A„)-r‘(28 + l-i8-') 

X (-A„)d)'(-A„) +/3'^(-A„)V"(-Aj] > 0. 

( 10 ) 

That the inequality ( 10) be satisfied is a special 
case of the requirement of convexity of the free 


d>(A)j. „ ~ (ID 

and in order that the leading term in r,|.o be 
€"" the p's in p'^^'pix) must cancel. Hence 
the following relation must exist 

fi(S + \)=2-a. (12) 

In order to turn 112) into a scaling relation 
we only have to identify 8. This is done with 
the aid of equation (6). 1 f we set a = 0 in (6) we 
obtain h as a function of p along the critical 
isotherm, i/i-axis. If we take the limit of a -»• 0 
then as long as d>(0) is bounded xp'M vanishes 
at A = 0. Thus we must have </>(0) > 0 for i(( to 
be finite for finite field along the critical iso- 
therm. 8 acquires its conventional meaning, 
namely 

p ~ for £ = 0. (13) 
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The derivation of ( 1 2) does nothing more than 
to show that we built this scaling relation into 
our theory. 

Next we calculate the specific heat fore < 0. 
Again at X fixed and /? = 0. That is, along the 
coexistence curve. Along this curve ifi is given 
by (8) and the contribution to the free energy 
is: 

(14) 

Bui, by definition for |el 0 the singular part 
of the free energy is 

~ for € < 0. (15) 

We find 

a = a'. ( 16 ) 

This result is subject only to the assumption 
that the same function </> describes the critical 
part of the free energy at both small and large 
.v[2()l. 

The specific heat has a symmetric exponent 
about € = 0 but not necessarily the same 
coefficient. 

(b) a = 0 

In this case the singular term in the specific 
heat, along the (|j — 0 line for € > 0, is In e. 
This corresponds to an In € term in .^, 
must therefore behave like: 

~ v’liJC'' In jr (17) 

combined with (3) we find that 

i3(6 + l)-2 (18) 

as it should according to (12), if the logarith- 
mic divergence is to correspond to the limit 
0. But (17) is not satisfactory since as 
<li 0 at small but finite « it will diverge. 
Hence in the a = 0 case we must have an 
additional term in (3). The local part of the 
integrand will read: , 


This does not result in a homogeneous free 
energy but the equation of state is still homo- 
geneous [1 I]. Clearly, by adding and subtract- 
ing In €, in equation ( 1 9), we could have 
maintained the homogeneity of the <^-depen- 
dent term but F^(X,e) would not have been 
analytic in e. This latter was the approach 
taken in ref. [2«]. Since in Section 2 we use 
equation (6) for determining the equilibrium 
order parameters the results are unaffected. 
The singular term along the i/; = 0-line will be: 

In e. While along the coexistence curve it 
will be: 

e- (j:ir'"*)]+(p„eMne. 

Thus, as is well known, in the a = 0 case the 
specific heat diverges logarithmically on both 
sides of € = 0 with the same coefficient. On 
lop of this there may be superposed a finite 
discontinuity. 

The lowest order term in (f)(.r). when 
X equation (11). cancels out of the 
expression for /r, equation (6). upon using 
equation (12). Thus in order to calculate the 
susceptibility x we have to look for the next 
order term near the critical isochore. There 
has to be a term which will leave a if; in equa- 
tion (7) so that we get a finite susceptibility 
along the positive e-axis. On inserting ( 1 1 ) in 
(6) we will have // = /3(8- 1) = 2-a-2j8. 
Similarly, along the coexistence curve we 
find from (6) that x*' « In both cases we 
find, respectively, that 

(2,7, j-V” e>0 

X= (20) 

[SiS+]}<f>i-x„) 

-F6/3' 'x„(f»'(-.ro)]''(-e) €<0 

where 

y = y' = 2 — ff — 2)8. (21) 

4, CORRELATION FIINCTION.S AND THEIR 
EXTONENTS 

The correlation function of fluctuations in 
the order parameter is defined as: 
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g(r~r') = <6i/i(r)6i|((r')) 

(22) 

where 


S<f)(r) = if/(r) — ill — $ip(k)e"' ''. 

k 

(23) 

Its Fourier transform is: 


(>(k) = j d^re^'* 'g{r) = (Sili(k}8ili{~ 

k)}. 

(24) 

It can be easily shown that if we take 


dili(r) cos ik . /■) 

(25) 


insert it in equation (3) for the free energy then 
(j{k)=h{ C(>) 

2A„k‘ + 0„ 

ki, is Boltzmans constant and the (I subscript 
indicates that the derivative has to be taken 
at equilibrium where all ipk — i) and 
flil is given by: 

= (27) 

withx as the initial isothermal susceptibility; 

X= ((fVr'l)(./r//i)),. ( 28 ) 

hrom (26) and (27) we have for the <:-♦() 
limit of C! (k } 

\\m(i{k) = k„Txif)- (29) 

A (» 

Clearly, our original free energy can at best 
describe spatial variations of very long wave- 
length. These can indeed be expected to have 
a correlation function of the generalized 
Ornstein-Zernike type [31]. This type of 
behavior seems to be of a general nature 
above r^[21]. Below T^. the two dimensional 
Ising model provides a counter example[21]. 
We shall not consider such cases here and hope 
that they can be accounted for by starting the 
non-local part of the free energy in momentum 


space with a power different than two. This 
type of approach was applied to Hell by 
Guyon and Maki[23]. One can compensate, 
of course, by having different rr’s above and 
below Tf. Through this behavior of the 
correlation function we define the correlation 
length. Namely: 

That is: is defined as the position of the 

pole of G(k) along the imaginary k axis. Hence 
in our case we have 


V[T)=U,<rA„-' - |e|" 


or if 




( - |f| " 

(30) 

then 




2v = y-l-(r. 

(31) 


We do not distinguish between t' and since, 
from the fact that y = y' and the postulate that 
(r is symmetric, it follows that they are equal. 
For large k. (i{k) may behave non-classically 
but since the wave-length is short the be- 
haviour cannot be critical in temperature. 
By definition we have 

(;(k)i, „ ~ k '‘^\ (32) 

We assume with Josephson[15J that at some k 
proportional to the two limiting behaviors 
merge. Equating (26) and (32) at ka^~^ we find: 

X ' f'” (33) 

or 

y = ;^(2-i7). (34) 

Combined with (31) this gives us the value of 
a we have to use in order to make the match- 
ing possible, i.e. 


cT = riv. 


(35) 
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S. FLECTUATtONS AND THE REMAINING 
SCALING RELATION 

As long as one is content with bulk thermo- 
dynamic properties of the system any set of 
exponents a, a', (i, y, y', 8 that satisfy rela- 
tions (12), (16) and (21) is acceptable. This 
includes for example the original Landau 
theory with a = a' = 0, /3 = i, y = y' = 1 and 
8 = 3. Fluctuations in the order parameter 
below Tc will be small compared to the average 
order parameter. This is trivial since the 
fluctuations increase with the first power of 
the volume when the susceptibility is assumed 
finite, while the square of the equilibrium order 
parameter varies as the volume to the second 
power[24]. 

Once we start considering local fluctuations 
and correlations the exponents v, n' and i/ 
come in and new restrictions appear. Thus 
one finds, for example, that the Landau 8 = 3 
is incompatible with an Ornstein-Zernike 
behaviour of the correlation function [%]. 
That is, the Landau-Ginzburg theory cannot 
be carried up to the critical point, A more 
primitive argument for an excluded region 
around inherent in the Landau-Ginzburg 
theory was given by Ginzburg[7]. Finally, 
Josephson[9] showed that using rigorous 
thermodynamic arguments and plausible 
assumptions on the correlation functions 
results in the inequalities: 

dr' > 2 — a,dv' > 2 — a'. (36) 

These, of course, are not satisfied by the 
Landau-Ginzburg theory and exclude it as 
a theory of a temperature interval which 
includes the critical point. 

The extension of the generalized Ornstein- 
Zernike correlation function to k=(p,f)‘' 
and of the power behavior of the correlation 
function up to this value of k implies the 
assumption that at distances smaller than ( 
the local values of the order parameter are very 
strongly correlated while outside this length 
they are almost uncorrelat^d. Thus, if we want 
lo give the theory a meaning as regards spatial 


variations of the order-parameter we have to 
average the order parameter over volumes of 
linear dimensions (/tf). The theory which 
describes the variations inside such a volume 
is, of course, much more complicated. On the 
other hand, it also does not make sense to take 
the averaging volume to have a linear dimen- 
sion which diverges faster than f as we 
approach 7^. The very small correlations 
between different regions inside the volume 
will render a uniform average value ascribed 
to the whole volume very artificial. The differ- 
entia) equation ( 5) describing spatial variations 
will give variations on a scale much smaller 
than the scale over which we coarse-grained 
the order parameter. 

We are mainly interested in the spatial varia- 
tions of the order-parameter while we are near 
the coexistence line. Otherwise, we have to 
build into the theory a dependence of the 
correlation length on magnetic field. This 
limitation is made clear by noticing that the 
correlation length will not be infinite along the 
critical isotherm, since we assumed that the 
susceptibility there is finite. 

Once we restrict ourselves to these cells of 
linear dimension (fi^) the question of fluctua- 
tions becomes important. The question of 
whether the fluctuations in the average order 
parameter in such a region still leave us with a 
well defined quantity. This quantity is propor- 
tional to the equilibrium value of the order- 
parameter per unit volume times the volume 
of the cell. Denote the volume of the cell Ff, 
then: 

(37) 

where d is the number of dimensions. The 
total order-parameter in the cell will be i/if 
where 

= f dn(/(r). (38) 

The fluctuation in the square of the order- 
parameter is given by Nyquist’s theorem as 

( 39 ) 
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where x <■’' the bulk susceptibility. The av.-rage 
value of i|/f is Kfij/le). We therefore have for 
the ratio of the fluctuations to the square of 
the order-parameter: 




kj,yr'xM-^ 

(40) 


This result can be viewed in two ways: 

Firstly, if we assume that a theory of the 
type described in the precceding sections has 
to exist throughout the critical region then we 
must have: 

di'' >2 — 0 


which is Joseph.son's inequality. 

Secondly, if we take /3, ft. p from experiment, 
and this is after all a phenomenological theory, 
then Josephson's theorem [91 implies that the 
fluctuations will not blow up. If the strict in- 
equality holds in (36) then there is always a 
temperature region close enough to 7Vin which 
the description of spatial variations in the 
system, where the order-parameter is averaged 
over a volume of dimensions proportional to 
is self consistent. When the equality holds, 
as is for example the case for He at the lambda 
transition (see Section 7 below), the relative 
fluctuations are temperature independent[lb|. 
But f still has a numerical coefficient, which 
can be varied to make (40) very small, in our 
formulation it is n„ in equation (4). This, how- 
ever, has to be checked against experiment in 
nonuniform situations to find whether the co- 
effeient is of the correct order of magni- 
tude. For example, if one uses for Hell the 
type of theory proposed in Ref. [ 1 1 where the 
exponent t) to be set to be zero and a,, = 
one finds that the magnitude of the derived 
correlation length describes the situation in 
films fairly well and the relative fluctuations 
are temperature independent but small [ 1 b}. 

6. expansions 

All we have done so far is essentially to 
recapitulate the considerations leading from 


the homogeneous free energy to scaling rela- 
tions: we found the representation (3) more 
convenient to use than that of Ref [2a] because 
the i// — * — symmetry can be easily expressed. 
Furthermore, as was stated in the introduction, 
if an expansion with a small number of terms is 
to give a good description in a region near the 
critical point which includes the coexistence 
curve it is going to be in region B of Fig, I. 
That is, when |jr| = |ej ■ |i//| is small. This 
approach, we believe, is supported by at least 
one experiment, i.e. that of Ho and Litsterf 14]. 
On the other hand, the old approach] I ] though 
borne out above the transition, e > 0[I4], has 
no support below the transition. Thus we 
expand (f>(.v) in powers of .v and keep as small 
a number of terms as is necessary to obtain 
a non-vanishing specific heat along the critical 
isotherm. Of course, one may have to add more 
terms in order to describe higher temperature 
derivatives of the free energy . These, however, 
are rarely measured and will not be discussed 
here. The higher order terms should not con- 
tribute appreciably to the critical behaviour of 
the quantities under consideration. 

We now proceed to discuss the different 
terms which should appear in the expansion. 
In doing this the case of a logarithmic diver- 
gence of the specific heat is treated separately. 


(a) a > 0: 

<t(.v) is an analytic function of x in region 
Band thus we write: 

That j„ 5^ 0 follows from the fact that we have 
to have finite susceptibility along the critical 
isotherm. This point was discussed in Section 
3. 

Next we argue that j\ 5 ^ 0 [ 1 2 j. 1 n the homo- 
geneous system this is the ‘critical’ term that 
will contribute to an order-parameter depen- 
dent part to the entropy along the critical 
isotherm. Let y be the entropy per unit 
volume, then: 
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3 (// dipde (=0 





(41) 


where use has been made of equation ( 1 2). 
Thus if we define a critical exponent k[22] 



then: 

K=(1-a)//3-). (43) 


Thus we propose in region B to use: 

e.{H)= W,e) + / dh[AM ^ 

(50) 

= F„(X,e)+jd--'r[A,\V^(,\^ 

+jwr^'n- 


But by a Maxwell relation we have: 



which is a measurable quantity. 

Finally the quadratic term is the one giving 
the behaviour of the specific heat along the 
critical isotherm. We find that: 


(b) a = 0: 

As we discussed in Section 3 the local part 
of.^ is, equation [19], 

Fiocbi = In ij/-''®. 

Once again, in (j>(x) terms to order orx^ are 
kept. Inserting [40] into the expression for 
f^iiK-ai we have 


+ 1.^2 = + 1 - hb = (45 ) 

The specific heat at fixed order-parameter 
along the ([/-axis in Fig. I is: 

C,(0)r:„-2TJ,r“"’. (46) 


+ /,€2|J;»+>-w»-<p„e2 1n r*'®. 
But this time/3(§-)- 1) = 2 hence; 

^iocai(<l') = + /leil'’'® +,/2e^ “ <Pi^^ In il/’’'®. 

(51) 


If another critical exponent is introduced 

via: 


(47) 

then 


1! 

(48) 

l-rom (43) and (48) we find [ 1 2] 


6 + k = /3-‘-1. 

(49) 


This relation is equivalent to the relation 
equation ( 1 1) of Ref. [22] if one takes account 
of the facts that on the critical isotherm fixed 
'(< is fixed h and iJj - h'/‘. It is a direct con- 
sequence of homogeneity in addition to the 
assumption that all the pertinent quantities 
equations (42) and (47) derive their leading 
terms from the critical part of the free energy. 


And the full free energy functional in the a = 0 
case is: 

F(X.e.{il>} = F,(X.e)-h 

-)-/,€l/l"® + (^n€'^/ni|l"®]. (52) 

The term has been absorbed into F^. 

To end this section we remark that there is 
complete symmetry between 1 // and - i/i in the 
neighborhood of the critical point. Hence in 
(50) and (52) we can replace i)i by its absolute 
value and relax the restriction i|; > 0. 

7. PHENOMENOLOGICAL DETERMINATION OF 
COEFFICIENTS 

At first glance it may seem that it would be 
more difficult to determine the coefficients in 
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the new type of expansion than in the expan- 
sions of Ref. [la], since there are more of 
them. However, the different nature of the 
expansion and its associated, well defined, 
region of application make this task rather 
easier. When one used expansions with ifz/e'* 
small one had to assume that the region in 
which the expansion is a good approximation 
(region A in Fig. 1) stretches beyond the co- 
existence curve. How far beyond this curve is 
unclear. Thus in determining the coefficients 
of the local part of the free energy one is res- 
tricted to the measurements along the coexis- 
tence curve. In the present theory the region 
in which the expansions are expected to be 
accurate is region B in Fig. 1 in which one has 
two variables e, // at one's disposal. One could 
proceed with the complete survey of the 
region as was done by Ho and Lit.ster[14] 
but any point in this region gives a relation 
between the three coefficients, once fi and 
are known. 

Of course, it is much more advantageous to 
obtain a closed form of the equation of state 
in the whole critical region. It is a much 
bolder proposition than presented here. How- 
ever, so far only a parametric representation 
of the equation of state was constructed [25]. 
This type of representation is in terms of h 
and e rather than ijj and e and thus, it seems to 
us, is less convenient for representing non- 
uniform situations. Those are usually con- 
sidered in the neighborhood of the coexistence 
curve and there such expansions as were pro- 
posed in the previous section are adequate. 
For such problems as the proximity effect 
between the ordered and the disordered 
phases our expansion will not suffice. In that 
case we will need to know the expansion 
in the neighborhood of the t(/ = 0 line, for 
€ > 0 . 

There are four coefficients to be determined 
in the proposed expansions. These are: 

a > 0; Go, /„, /„ /j in equation (50) 

a = 0; <Po in equation (52). 

Each one of the above two cases splits into 


two subcases according to whether the field 
conjugate to the order-parameter is experi- 
mentally accessible or not. In what follows 
we shall leave out the case a > 0 and field not 
accessible and discuss the other three cases. 

(a) tt > 0 

This is a quite simple case as is demonstrated 
by the detailed investigation of Ho and 
Litster[l4]. One determines j3 and S by 
measuring the equilibrium order-parameter 
along the coexistence curve and along the 
critical isotherm, respectively. The second 
measurement gives j,',, directly. If ifi behaves 


along the critical isotherm as 


i// = 

(53) 

then we have: 


,/;, = g-V(8+i). 

(54) 


The first measurement gives and a relation 
between /,. If along the coexistence 
curve 

then jc,i is the positive root of the equation: 

(2 -«)/«-( 1 - a)/,x,r>"> - = 0. (55) 

When e > 0 the second term changes sign 
and the equation should not have any roots. 
A third relation between the three coefficients 
can be obtained for example by measuring 
the specific heat along the coexistence curve. 
In fact one point is sufficient since if 

C,.„(€) =1, (56) 

then 

+ (57) 

We mention the coexistence curve and critical 
isotherm only since these are the two lines, 
in region B (of Fig. 1), on which one of the 
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two variables e or /z is fixed which enter the 
critical point. A check of consistency may 
then be performed by measuring any point 
in region B i.e. 

h = 

In particular the specific heat along the 
critical isotherm is completely determined 

by/z- 

Finally, one has to determine A^. In order 
to do this one can use a scattering experiment 
at low k in order to obtain the correlation 
length. Clearly, the closer we get to the 
longer the wavelength we have to use since 
< 1 must be satisfied. From the measured 
^ we obtain v' and using equation (34) we have 
also T). If it is found that 

(5S) 

along the coexistence curve, then for Uo of 
(4) we have 

where Xo is (he coefficient in the susceptibility 
along the coexistence curve given by; 

X„-' = rV-'[(2-a-i3)(2-«)yi, 

(b) a = Q,h accessible: 

This case is even simpler than the pre- 
ceding one. In order to determine ^o./i and 
C>ii one does not have to use measurements 
along the critical isotherm at all. It is enough 
to measure the specific heat along the /i = 0 
curve above and below the critical tempera- 
ture and the shape of the coexistence curve. 
From the logarithmic divergence of C/,=oand 
/3we have6 = 2/j8- 1. 

If the coefficient of the logarithm in the 
specific heat is C„ then 

^, = -CJ2T,. (61) 


The shape of the coexistence curve is 

;ii = jc„(-e)» (62) 

where satisfies 

= 0 (63) 

which is a relation between /„ and /, since 
ipn is known. The third relation is determined 
from the discontinuity in C/,,,, across the 
critical point, if this discontinuity is denoted 
by AC then: 

AC = lim[C(-€)-C(e)] 

(Yo’^®) Tiy’ii]. (64) 

Once again, measurements along the critical 

isotherm can be used to check the validity 
of the free energy ansatz. is determined 
as equation (59) but now 

X,r‘ = ’ [ 2 ( 2 - /) )/„ - ( 1 - ^ )/, >'« 

(65) 

(c). a = 0,h inaccessible: 

There are three popular systems with this 
property. Namely, superfluids, superconduc- 
tors and antiferromagnets. The first two are 
clearly analogous, the third one can also be 
shown to be analogous to the former two [26]. 
We will discuss this case in the language of 
the superfluid. 

In the case of the superfluid A„ plays a 
much more crucial role than in the systems 
discussed before. The reason is that the 
measurable quantity is the superfluid density 
p, rather than the order-parameter which is 
the quasi-average of the field operator] 15]. 
The order-parameter is complex but the 
symmetry between i/i and — i|i mentioned at 
the end of Section 6 can be extended to all 
phases of the order-parameter and in the free 
energy the absolute value of i// appears. 
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relates to the square of the order-parameter 
vial 15]: 

p, = { 66 ) 

where /i, is the mass density of the superfiuid. 
The traditional way of treating the problem 
[27, 1] was to postulate 

A„=h-I2m (67) 

thus having 

p, ( 6 K) 

This identifies |(//|^ with the superfiuid 
number density. It also implies rj-O. The 
other two coefficients in an expansion of 
this type are determined from /j,(e) and the 
discontinuity of the specific heat, ('learly, 
the arbitrary determination of T,, hides the 
fact that there really is one undetermined 
coefficient and one undetermined exponent 
i.e. fi or T). This situation persists in the 
present theory despite the fact that there arc 
four coefficients as opposed to three in the 
Gin/burg-Pitaevskii theory [27 1, 

Assume for the moment that fi is known. 
Ihen, of course, we will have all the ex- 
ponents. Defining ^-the superfluid density 
exponent, by 

P., ~ Po(-e)‘ (69) 

and if we include in our exponent relations 

alsoJr = 2-0 then |.7().28| 

? = r (70) 

in three dimensions or {=(</- lie in d 
dimensions. But this scaling relation is not 
implied by our ansat/. The measured value 
of i for the superfiuid is 2/3. We will proceed 
to show now that in this case we will have 

v = i (71) 

independently of the number of dimensions 
and of the above mentioned exponent relation. 


Proof: From ( 66 ) we have: 

{ = 2|8-r,v (72) 

together with (2 1 ) and ( 34) we find 

^ = 2(1-.). (73) 

Hence ^ = 2/3 = >, r = 2/3, Q.E.D. 

The value { = 2/3 occurs for the superfluid 
and the antiferromagnet[26j. It does not 
correspond to the superconductor but we 
believe that the superconductor has not been 
brought into the critical region. 

A corollary of the above proposition is 
that in three dimensions « = 0 and ^ = 2/3 
implies the equality in .losephson's inequality 
equation (36). If « = () and ^ = 2/3 in any 
higher number of dimensions then 

dv > 2, 

Finally, it follows that a ■- 0 and f = 2/3 is 
impossible in two dimensions. 

From equation (73) we have e if ^ is 
measured i.e. 

i'=l-K. (74) 

Now if, as we assumed above, fi is known then 
we can find from our exponent relations y, 
fi and 17 . We still have to determine 
/, and ip„. Pi, of equation (69) can be measured 
|28, 29] thus we have one relation 

p„ = 2a„(m/ft)V (75) 

where a,, is the root of equation (63), <po can 
be determined, again, from the logarithmic 
term in the specific heat and equation (61). A 
third relation between/0,/1 and ipo is provided 
by equation (64). This is all we can derive 
from bulk properties of the superfluid. So we 
are left with one undetermined coefficient, 
and one undetermined exponent. 

If the Ginzburg-Pitaevskii[27] postulate 
is used then we have )3 = 1/3 and Uq = n‘l2m 
and everything is fixed. One can, of course. 
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use this hypothesis and proceed to calculate 
various effects in films etc. But if, for example, 
agreement is not very good and the results 
turn out to be sensitive to the value of ^ then 
there may be a possibility of using the film 
data to determine^. 

ArkiunvlediH'mi'nls-X am very graleful to Drs. H. 
Wagner and A. Leggett for many stimulaling discussions 
over a long period, to Professor H. Callcn, who was 
patient enough to listen to most of what was written above 
and finally even to read the first draft of the manuscript 
and make very helpful comment, and to D. Stauffer for 
making many useful comments on the first manuscript. 
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DEPENDENT INTERACTIONS 

R. D. FOUCHAUX 

Department of Physics, Lehigh University. Bethlehem. Pa. 1 801 .L U.S.A. 

(Received 25 July 069; m revised form 15 October 1969) 

Abstract— Thermodynamic quantities related to point defects in thermal equilibrium are discussed 
under the assumption that these quantities are explicit functions of the defect concentration, n, as 
well as pressure P. and temperature, T. It is shown that if the partial Gibbs free energy per defect 
resulting from the interaction among defects becomes comparable with W. there will be a large en- 
hancement of the temperature coeliiciem of defect concentration, bnlb'l . as well as the thermal ex- 
pansion coefficient, the specific heat and the isothermal compressibility. 

Some experimental results on the silver and alkali halides are discussed as examples We suggest 
that the volume increment per defect m ionic crystals may be strongly temperalui e dependent. 


1. INTRODUCTION 

Propertius of point defects in thermal equi- 
librium have been interpreted in terms of 
various partial thermodynamic quantities 
such as free energy, enthalpy, volume, and 
entropy per defect [1]. These quantities, when 
properly defined, are crucial parameters in 
the correlation of experiments involving a 
wide variety of defect properties. In ionic 
crystals ionic conductivity and diffusion, as 
well as defect enhanced thermal expansion, 
specific heat and compressibility are basic 
defect-related properties. 

In the silver halides, there is a particularly 
interesting situation in that there is one 
dominant defect species, the Frenkel defect, 
which is present in comparatively large con- 
centrations at elevated temperatures [2, 3,4). 
These defects are charged, and therefore must 
interact over long range through the coulomb 
interaction. Although this fact has been recog- 
nized for some time, it is comparatively 
recently that detailed work has been done 
Using the coulomb interaction [1, 5, 6, 7). 
Abbink and Martin’s ionic conductivity 
studies and Weber and Friauf’s[81 recent 
diffusion mechanism studies' stress the role of 
interactions between defects in their inter- 


pretations. They conclude that explicit in- 
clusion of defect-defect long range inleractions 
is mandatory for the interpretation of their 
experimental results. 

Although the specific interaction model to 
be used is questionable on theoretical as well 
as experimental grounds, the Debye-Hiickel 
(DH) theory of strong electrolytes [91 seems 
most useful at this time. 

The DH model can be cast in a form in 
which the Gibbs free energy per defect, g, is 
an explicit function of defect concentration, 
n, as well as pressure, P, and temperature, T. 
We will treat this in more detail below. First, 
we give some general thermodynamic argu- 
ments. 

2. THEORY 

We write the Gibbs free energy of a crystal 
of N molecules (or formula elements) con- 
taining n defects of a single species (as Frenkel 
defects) as 

(7(P, 7',n)=(7„(P. 7 ) 

+ G,>(P,T.n)-TSAii) (I) 

where G„ is the partial free energy of a hypo- 
thetical defect free crystal. G„ the partial free 
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energy of the defects and Sc is the entropy of 
mixing. For Ficnkel defects, with N, = the 
number of interstitial sites. 


5,. = +^ log 


/V,!jV! 

(n<y^N-n)<{N~n)\ 


( 2 ) 


first approximation to the more general forms 
above. We list these for comparison 

GiAl’.T,n) = n}i{P,T) (8) 

with equation (4) yields, if n N, 


We define the chemical potential for Frenkel .,dS,. 't ,,,, 

, ^ = =,e + 24TIog-7^==() (9 

dc ec s ^ dll Vnn 




Foi' thermal equilibrium at a particular P. T. 
the condition of equilibrium is that 


or 




-‘■'2X7 


(9«) 


_ dS,. 


when solved explicitly for n. 

Kquations (5). (6) and (7) yield respectively. 


(3) 


dll dll ’ 

y„ = i?v(P,T). 

(10) 

Using |2) and the usual Sterling approxima- 
tion, we obtain 

and 

S,)~iis{P. T), 

(11) 

7,1,1 

dll 

Hir-^nhiP. T). 

(12) 




With these definitions. 


g = /t-7'.v. 


(13) 


We al.so have the equilibrium volume. 
F(F. y. ii]-~--~^-K(P.l ) + y„iP. T,ii 


). 

(.M 


the entropy 

S{P.T.ri)=^-^j:--=S„(P.r) 

d S„{P. T.ii) + S,{ii]. (6) 


and the enthalpy 

H{P, r,n} = C-yTS 

= HAP/n + Hn(P,T,n) (7) 


where the meaning of each term is obvious. 

The partial quantities referring to the defects 
are usually expressed in a manner which is a 


an 

dP 




(14) 


dT 


= S', 


(1-3) 


and so on. 

With the linear concentration dependence of 
the free energy, it is possible to solve equation 
(9) explicitly for the concentration n(P, T) 
and thus to eliminate n from the free energy 
function. Under these conditions, the inter- 
pretation of experiments in terms of the partial 
thermodynamic functions g, v, s. h, etc. is 
unambiguous. However, where we cannot 
solve equation (4) explicitly for «, we must be 
more careful. In this case, we formally treat 
G [P, T, n) as a function of three independent 
variables P, T, n and apply, where appropriate, 
the equilibrium condition, 
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fi{P,T,n)=0, (3) 

as a subsidiary condition. 

For example, the experimental thermal ex- 
pansion coefficient is measured at constant 
pressure and at equilibrium defect concentra- 
tion. It is defined as 



(16) 


The isothermal compressibility is 


Slogx _ 8HiJdx 

mikT) J X 

\ 2kT dx^ I 

If Gi){P, T,x) = NxgiP, 7), this gives 
6 log AT _h 

fiOlkT)~ r 

however, where defect-defect interaction is 
included. 


K = 



flP 


\dn)\aP, 



(17) 


and the specific heat is 


dX^ 




:iT),.-f-(f)(5f)/£' 


When this is done correctly, some of the 
difficulties in the correlation of experiments 
in the silver halides and other ionic crystals 
may disappear. 

3. THE CONCENTRATION EQUATION 
Several workers have, by a method of Koch 
and Wagner[2), measured the equilibrium 
concentrations of Frenkel defects in silver 
ch)oride[2. 4, 6, 10]. Although there is some 
variation in the interpretation, there is fairly 
general agreement in the basic data when 
differences in purity of 'pure' materials are 
taken into account. We will use the re.sults of 
Abbink and Martin here as standard, with 
some remarks on other work when appro- 
priate. Values of nlN = x are plotted in the 
form log a- vs. I /AT. We obtain from equation 
14), with n <1 /V, Ni'. 


and the result is modified 
We will use the Debye-Hiickel Theory as 
a model to illustrate the changes. In Debye- 
Hiickel Theory, as applied by Abbink and 
Martin, the concentration formula is written 

2AT(log ^.r+logyj + g'l/’, T) = 0 (20) 
where 


and 


is the Debye-Hiickel screening parameter. 

is a parameter related to the closest possible 
interstitial-vacancy spacing. 

Thus by comparison with equation (4). we 
identify 


e^h 


lDkT(\ + hR) 


(21) 


, ., STrc'Ar 

VDkT 


( 22 ) 


5 log jf _ I I S^jST 

ST xST X dfilBx 


dH,,ldx 




¥) 


dGii _ 

Sx D(\+Rh) 


= g'(P.T)-li"{P.T,x) (23) 


To wnte t)ie Dehye-Hiickel lerm n" as a partial Gibbs 
free energy, we shou)il express it as a function irfF, T. Jt. 
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energy of the defects ;md S,- is the entropy of 
mixing. For Frenkel defects, with A/, = lhe 
number of interstitial sites, 

N !N! 


first approximation to the more general forms 
above. We list these for comparison 

(;,APJ'.n)^ng(P,T) 
with equation (4) yields, if n « N, 


We define the chemical potential for Frenkel '>A 7' log — - — = 0 |9) 

delects ^ ^ flu ^ Vn^ 


M-(—) ■ 

\ rill , 

/•'or thermal equilibrium at a particular P, 7', 

t)r 

n -P 

(9u) 

the condition of equilibrium is that 


when solved explicitly for n. 


flu flu 

(3) 

Equations (5), (6) and (7) yield respectively. 



F,, = w(P. 7). 

(10) 

Using (2) and the usual Sterling upproxima- 


S„ = ii.s{P, 7'), 

ill) 

tion, we obtain 


and 



... , flG„{P,'l'.n) 

IxiP. l.ii) --- — 

3/1 



//„-/i/i(P.r). 

(12) 



ip_ 



With these definitions. 

,g = //-r.s. 


(13) 


We also have the equilibrium volume. 


fif; 

dP 


F(F.7-.n)- -;7 = F„(F,7)4 T.n). 




the entropy 


A'(F.7'./i)=-|^-.Vo(P.F) 


+ S,AP,T.ii)+SAn). (6) 


and the enthalpy 

H{P. T.n] = G + TS 

^H„{P.T)+H„(P.T.n) (7) 


where the meaning of each term is obvious. 

The partial quantities referring to the defects 
are usually expressed in a manner which is a 



(14) 


AT 


a, 


(15) 


and so on. 

With the linear concentration dependence of 
the free energy, it is possible to solve equation 
(9) explicitly for the concentration ii{P, T) 
and thus to eliminate n from the free energy 
function. Under these conditions, the inter- 
pretation of experiments in terms of the partial 
thermodynamic functions g, v. s. h, etc. is 
unambiguous. However, where we cannot 
.solve equation (4) explicitly for «, we must be 
more careful. In this case, we formally treat 
G [P, T, n) as a function of three independent 
variables P, T, n and apply, where appropriate, 
the equilibrium condition, 
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=0, (3) or 


as a subsidiary condition. 

For example, the experimental thermal ex- 
pansion coefficient is measured at constant 
pressure and at equilibrium defect concentra- 
tion. It is defined as 


filogx _ dHnIdx 
fi(l/AT)“ / X d^G,\- 

X 2kT dx^ ) 

\fGi,(P, T,x) = Nx^iP, 7), this gives 


/3 



dT 



The isothermal compressibility is 


log X h 
8(1/jF 7) ““r 

however, where defect-defect Interaction is 
included, 


and the specific heat is 



dV 




Ir 

dP 

U/ij 


' hn\ 


/"■ 

(17) 


dK! 

dx‘^ 

dx 


^ 0 , 


^ h 


r,= 



dT 


dH \/dlJ.\ I dfi 
Hit /xciT// dn ' 


(18) 


When this is done correctly, some of the 
difficulties in the correlation of experiments 
in the silver halides and other ionic crystals 
may disappear. 

3. THE CONCENTRATION EQUATION 
Several workers have, by a method of Koch 
and Wagnerl2], measured the equilibrium 
concentrations of Frenkel defects in silver 
chloride[2, 4, 6, 10|. Although there is some 
variation in the interpretation, there is fairly 
general agreement in the basic data when 
ditferences in purity of 'pure’ materials are 
taken into account. We will use the results of 
Abbink and Martin here as standard, with 
some remarks on other work when appro- 
priate. Values of nlN = x are plotted in the 
lorm logx vs. \lkT. We obtain from equation 
(4), with « N,Ni-. 


and the result is modified. 

We will use the Debye-Huckel Theory as 
a model to illustrate the changes. In Debye- 
Hiickel Theory, as applied by Abbink and 
Martin, the concentration formula is written 


2AT(log r) + k'(P- T) = 0 (20) 


where 


and 


-logY=^ 






DkT{\+hR) 

VDkT 


( 21 ) 


( 22 ) 


is the Debye-Huckel screening parameler. 

/? is a parameter related to the closest possible 
interstitial-vacancy spacing. 

Thus by comparison with equation (4), we 
identify 


6 log X 1 fix _ I dfijdT 
ST xST X dju./dx 


dHiJdx 






dG„ _ , e'^h 
dx~^ D[\-^Rh] 

^f>'{P,T)-!;"(PJ.x) (23) 

To write the Debye-Hiickel term a" as a partial Gibbs 
free energy, we should express il as a function of P. T. x. 
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Equation (22) shows that wc have not done this, since F 
appears explicitly rather than /' The dielectric constant 
f) IS also an explicit function of pressure, temperature 
and perhaps defect concentration [7| In fact, the tempera- 
ture dependence of /.) may he crucial here, foi its increase 
o( a factor of about I ^ in the (crmperatiirc range from 
400 to 68(rK may dominate the behavior of g". 

In the following, for purposes of illustration, 
we will ignore the term Rh with respect to 
unity for the reasons that the minimum defect 
spacing is uncertain, and if the defect con- 
centration is small enough, Rh 1 for any 
reasonable value ol' R. We also treat /) as 
constant. 

We can evaluate equation ( 1 9) us ftrllows; 


(iSij 



l(A 

(V/ilf 

<1 r 

finij 

— [(in + TSi,) 

(i.\ 

(ix 



y-l- /.s' ■ 

yh 

1 \ 


//'- 


-b.v' • 


j~ . 


21)1 ' 
(24) 


C.M 


iiv‘ 

I hus. 

§ log 


7 ) 


2iy 


(26) 


It' -Hr him 



In silverchloride./i' 1 '4 eV. bora - 10 '' 
( 7 -■ .lOOT or .'sT.T’K) Abbink gives |log y\ - 
()'27, which means ilrhlD) ■ O-OdeV 's /i', 
therefore 


fi log r h' 


hWIkT) 


or roughly 13 per cent larger in magnitude 
than li'll, the expected result with no defect- 
defect interaction. Abbink and Martin ob- 
tained a value of h' = I -44 eV by an analy.sis 
consistent with this approach. The notable 
result here is that the defect-defect interaction 
energy must merely be comparable with kT 
and not h' to cause appreciable changes in the 
slope of the concentration curve. 


It IS tempting to speculate that since the temperature 
cuctficient of defect formation, Sx/tiT, becomes infinite 
when t^hlAkTl')= I, that some drastic change such as 
melting must occur in the crystal if the defect concentra- 
tion becomes large enough We could estimate an upper 
bound to the concentration of defects at the melting point 
by setting c'^h„,jr> = 4AT|„,i„. The resulting cor- 
responds to a concentration x„„^^SxlO'^ However, 
A.l,r “ 4 A under these conditions and the quantitative 
acciliacy of 1)11 theory where the shielding radius is of 
the Older of a lattice parameter is highly suspect at best, 
the increase of the dielectric constant mentioned above 
may be very significanl here 
Perhaps a better comparison is to compare various 
estimates of the largest v.iliie of g" by Sevenich and 
Kliewer|7) with it 7,„„.iii — ()-()627e V. Their estimates 
range between U’tM and O lheV, the higher limit occurring 
when the variation ol dielectric constant is ignored. How- 
evci, the value of ,r(a*G„/(l.v') is smaller than g" and in 
lad goes to zero m some of these estimates ')'he value of 
dielectric conslant was based on an extrapolation from 
680”K to the melting point of 7ss"K 

4. SPECIFIC HEAT MEASUREMENTS 
With the DH model, equation (18) becomes 



= (CV)„ + A(;V ( 28 ) 


The term ((’/.)» is (he hypothetical perfect 
crystal specific heat, dHiJdT is a (presumably 
small) contribution due to the explicit tem- 
perature change of the enthalpy of defects 
already in the crystal at temperature T as the 
crystal is heated from T to 7 -fdT and the 
third term is a contribution due to the forma- 
tion of new defects. 

In 1930, Kobayashil 1 1] interpreted his 
specific heat measurements as indicating that 
Schottky defects must contribute an appre- 
ciable enthalpy to the crystal near the melting 
point. We sec that this is not necessary, since 
the factor { 1 - e'^bl4DkT) in the denominator 
of the third term can account for the curvature 
of his log(PAC,.) vs. T~' plot. Although 
Kobayashi gives a value of l-53eV for the 
enthalpy of formation of Frenkel defects, his 
data are consistent with h' = l•44eV. Since 
extrapolation or calculation of ‘perfect 
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crystal’ specific heat is questionable, it is 
probably not fruitful to attempt to correlate 
concentration magnitudes with partial en- 
thalpy due to defects. 

5. ENTROPY OF FORMATION 
Although there is considerable disagree- 
ment in the literature as to the value of the 
entropy of formation for Frenkel defects in 
silver chloride [4, 6, 10] it is agreed that it is 
probably more than a factor of 3 higher than 
the entropy of formation of vacancies in nobel 
metals] 1 2], for example. 

The value given by Abbink and Martin 
should be the same as ours' = t/i' — x'')/Tand 
equals 81 X 10-'eV/°K. 

Equation (24) gives 


We will investigate two possibilities for the 
apparent discrepancy: (I) that v increases at 
large concentrations because of defect-defect 
interaction, and (2) that v increases at high 
temperature through an unspecified explicit 
temperature effect. 

For the defect-defect interaction we had, 
using the DH model. 



If we ignore the possible pressure dependence 
of D, the second term in the bracket becomes 


dPKo) 


(31) 






dx 2DT 


fix 


A logy (29) 


using equation (21), 

Again, with Abbink’s value of y = 076 for 
.r= 10 "*, we obtain -Alogy = 0'23x 10"'* 
eV/°K, apparently only a small fraction of the 
total entropy per defect. 

It appears that the defect-defect interaction 
does not account for the large entropy of 
formation of defects in ionic crystals as com- 
pared with metals as suggested by Fouchaux 
and Simmons [5]. 

6. VOLUME CONTRIBUTED BY DEFECTS 

Fouchaux and Simmons pointed out that 
when the partial volume of the crystal asso- 
ciated with defects, V,,. obtained through 
certain extrapolation procedures is compared 
with nv, using n estimated from Ebert and 
feltow and v from Abey and Tomi7.uka(13] 
at defect concentrations approximately appro- 
priate to the melting point of 728°K, the value 
ol F„exceedsnu,.. byafactorof l•8-3■5. Flow- 
ever, the value of v used was determined at 
527“K. At that temperature, is rather 
small, but there is good agreement with nv if 
we use Abbink and Marfin’s value of jr = 
2 x 10-5 at that temperature. 


where k is the compressibility. This term is of 
necessity positive so the volume per defect 
would be decreased if such a term were sig- 
nificant. We estimate, however, that the term 
is very small compared to v'. 

To address ourselves to the possibility of 
explicit temperature dependence of r, it is 
more convenient to consider the thermal ex- 
pansion coefficient /3 than the volume per de- 
fect directly. 

From equation ( 16) we obtain 

yo = ^_L /iiL 
^ dT HT dn dT/ an 

where the term to be investigated first is 
dViJdT. In the DH model 

dVi, _ pc'— d 
dT~"[dT dT\2D)]' 

Since the second term requires explicit in- 
formation on k(T) and D(T) as well as h(T), 
we cannot be very quantitative, but an order 
of magnitude estimate suggests a completely 
negligible contribution. The first term, how- 
ever, may not be negligible. We turn to an in- 
direct argument here. Zieten[14] has measured 
the thermal expansion of silver chloride as a 
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function of added divalent impurity ion (Cd) 
concentration, c. In the structure sensitive 
temperature range T<200°L\ he found a 
fairly large concentration dependence for 
the thermal expansion coefficient. We need 
only assume that the volume f'(7', c) is a differ- 
entiable function oftheform )= (^1,(7 ) + 
evA’I ), where v,, is the volume per defect of 
the impurity plus cation vacancy, to obtain 


The term {.iv,. is small ( 10 where Q 

is the formula volume. At 2()0“('. we obtain 
()/3/()c - 10 -'rK giving - 10 '•'n/°K If 

we assume that the F'renkel defect behaves 
similarly to the subslilutional impurity plus 
cation vacancy, which seems reasonable, then 
a term (riiy./^/iAV could contribute enough 
extra volume to triple the volume per defect 
in the temperature range of 200''K from 527°, 
where c for f renkel defects was measured, 
to the melting point. 

The third term, i—m'Jii/iiUtjjLlUDliiiixliiii) 
gives the familiar defect contribution to the 
thermal expansion modified by defect-defect 
interaction terms. In the HH model, the result 
is 

fil'/i Dfi /((M „ ^ (/r — 'Srhj2D)v' 

~ "ah i)f/ iin ^ ^ ' 2k V{ I - rMWkT) ' 

Again, we see the possibility of a large increase 
as (‘‘hlADkl -* I Hven without this effect, 
the combined terms 



could provide the observed discrepancy in the 
measured and extrapolated thermal expan.sion 
coefficients up to quite close to the melting 
point. 

Finally, we mention the work of Kurnick 
[151 on silver bromide in which he suggested 
a large a at high temperatures compared to the 


value observed at lower temperatures. Al- 
though the method used was criticized as in- 
sensitive to high temperatures and is based on 
uncertain values of mobilities, the result is 
reasonable. Its interpretation does not, how- 
ever, require appreciable Schottky defect 
concentrations. 

li. COMPRESSIBILtTY 

I he experimental value to be expected from 
compressibility measurements at temperatures 
where large defect concentrations exist de- 
pends strongly on the experimental conditions. 
If the conditions are such that the equilibrium 
defect concentration is maintained, equation 
(17) will hold. The appearance of in the 
denominator of the last term would again cause 
a very large compressibility if the defect- 
defect interaction energy per defect becomes 
comparable to kT. On the other hand, it is not 
clear that such conditions would hold for 
methods utilizing the speed of sound, etc. No 
high temperature compressibility measure- 
ments seem to be available. 

Simmons and Baluffi[l21 have pointed out 
that in equilibrium measurements of point 
defect concentrations by the method of com- 
paring thermal expansion measured by macro- 
scopic methods with X-ray measurements, the 
sample must be completely unconstrained. 
This requirement may be even more stringent 
in the case of ionic crystals because of the 
possibility of very large compressibility in- 
creases near the melting point. In fact a large 
increase in volume increment per defect to- 
gether with an increase in compressibility 
would combine their effect in such a way as to 
cause erroneously low concentration measure- 
ments near the melting temperature (see 
below). 

7. SUMMARY AND DISCUSSION 

We have indicated how a general equilib- 
rium approach to defect properties in crystals 
may lead to a better understanding of the 
correlation between basic experiments. 

Silver chloride was used as an example in 
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which many apparent discrepancies among 
experiments have been shown not to be in con- 
flict. Some comments on alkali halides may be 
appropriate. Ionic conductivity studies[l6, 17] 
have typically shown the upward curvature of 
logf/T vs. 1/T curves which we attribute to 
defect-defect interactions, while measure- 
ments by Von Guerard, Peisl, and Waidelich 
1 1 8] of equilibrium concentration of Schottky 
defects in potassium chloride do not appear to 
show this effect, and these authors draw a 
straight line through their log Jc vs. 1/7 curve. 

I believe this result is inconclusive. When 
the limits of experimental error given by Von 
Guerard el al., are considered a curvature of 
the amount seen in the ionic conductivity 
studies is not excluded. In fact, if results below 
6()0°C, where the errors are greatest, were ig- 
nored, a small upward curvature might fit the 
data better. Hurthermore the sample could 
have been under some small constraint which 
under the conditions mentioned above might 
not be negligible. Such a condition could hide 
an upward curvature toward the high tempera- 
ture end. 

Because the dielectric constant in the alkali 
halides is smaller than that in silver halides, 
the interaction effects would be expected to be 
larger in alkali halides than silver salts at com- 
parible defect concentrations. The Debye- 
lliickel theory has been less successfully 
applied to alkali halides than silver halides at 
this time. I his may be because the Schottky 
defect IS less amenable to the type of statisti- 
cal treatment implicit in the DH theory, since 
there are fewer sites for an anion vacancy near 
a Cation vacancy than there are interstitial 
sites. 


As in silver halides, the volume expansion 
of alkali halides appears to be larger than 
would be expected if there is a fixed volume 
increment per defect [1 9]. 
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Resume -Celle etude en RMN haute resolution donne des informations siir la microlexture de la 
surface solide et la nature des hens qui I'linit a I'adsorbat. Dans les carbones I'anisolropie diamagnc- 
lique des parlies cnslallisees esi ii I'origine dii dcpiacemeni des raies de resonance Un niodele en 
feuillcts pour rorganisation locale du solide au voisinage des pores permet de calculer ce deplacement, 
et les valeurs ohtenues sont en bon accord avec rexperience Une inter aclion scalaire aeec les elec- 
trons cclibalaires ou une modification de la constantc d ecran due ii une liaison chimique demeurenl 
negligeablcs dans les cas de liquides non polaircs presentes ici. L'ohservation de la largeur des raies 
KMN dll proton el du fluor nionlre I’exislencc de deux causes de largeurs superposees. une largeur 
d'ongine dipolaire et une dislribulion du champ local diamagnetique L'analyse de ces deux causes de 
largeur permet d'cvaluer des temps de coirelalion pour certains mouvements des molecules adsorbees. 


Abstract -High Resolution NMR study of liquids adsorbed on solids gives information on the .solid 
texture and the bond between solid and adsorbed molecules For Carbons, diamagnetic anisoliopy 
of ci ystali/ed parts is responsible for the observed line shift A foil stack pattern for the local organiza- 
tion around the poics, allows us to calculate this shift and gives a good agreement with the ex- 
perimental values. Scalar inictaction with unpaired electrons or change in screening consliint by a 
chemical bond are negligible effects in the case of non polar adsorbed molecules studied here. Prom 
proton tu fluor line width studies, it is possible to deduce the existence of two causes of line width, A 
width of dipolai origine and a distribution of the local magnetic field Coirelaiions times for some type 
of inotions may he evaluated 


1. INTRODUCTION 

I ’biUDE par RMN des liquides adsorbesa la 
surface d'un solide montre un deplacement et 
un elargissement des raies par rapport a cclles 
du liquide libre. 

Les deplacements des raies ont ete generale- 
ment attribues a trois causes; 

( I ) l.'interaclion de contact entre les elec- 
iions non apparies du solide et les spins nu- 
cleaires du liquide adsorbe[l-31. 

<-) La deformation du nuage electronique 
de la molecule adsorbeer4] (effet decran). 

13) Un champ local aux sites ou sont ad- 
sorbees les molecules de liquide et dont 
' origine est la susceptibilite diamagnetique 
anisotrope du soIide[5,6]. 


Paculte des Sciences de Paris. 


Dans le cas des carbones ces trois causes de 
deplacement peuvent etre envisagees. La 
premiere semblait a priori la plus probable 
etant donne le rapprochement que I'on peut 
faire entre les deplacements particulierement 
grands observes et la grande concentration en 
centres paramagneliques des carbones. On 
sait d'autre part, par les experiences de polari- 
sation dynamique[7-10] et par les mesures de 
temps de relaxation!! 1, 12) que des inter- 
actions entre les electrons des carbones et les 
noyaux des liquides adsorbes existent. 

Nous montrons par ce travail que les grands 
deplacements observes doivent etre attribues 
en fait a I'existence d'un champ local aniso- 
trope d’origine diamagnetique. Nous avons 
etudie egalement le role de ce champ local 
dans I’elargissement des raies. 
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2. c:hoix des soijdes et des mqiiide:s et 

METHODE EXPERIMKNTALE 

2.1 Les soUdes 

l.a nature et les proprietes des carbones 
utilises sont re.sumees dans le Tableau 1 . ' 

Les carbones NC etCarbolac ontete choisi.s 
pour Icur grande surface specifique, ce qui 
permet d’obtenir des signaux mesurables pour 
dc tics faibles recouvrements de la surface par 
le liquidc (inferieurs ii une couchc monomolc- 
culaire BLT ). 

i.es cokes de saccharose ont etc choisis 
pour leiir proprietes magnetiques bien con- 
niiesen RPL et en RMN 1 10, 11, 1 3|. 

Les noirs de carbones; Spheron et CJraphon, 
ont ete choisis pour la forme spherique de leurs 
grains, leiir texture et leuretat de graphitation 
etudies par ailleurs| I7|. 

Tous les carbones conliennent heaucoup 
d'electrons celibalaires ( I ableau I ) souvent 
Ires delocalises I I4~I6|. 

I.es noirs de Ciuhones sonl naturellement 
sous forme de poiidres lines ( 100-2(10 A); les 
autres carbones ont etc hroyes (<!> < KOftl. Ils 
presenlent des poies donl la forme esi 
gencualemenl mal eonnue et donl les plus 
pelils out des dimensions de 7 .\ environ. Ils 
conlientent d'autre part des cristallitesj I7| 
donl les dimensions el le nomhre croissent 
avec la temperaUire de iraitemenl (MIT) du 
carhonc. I.es poudres de carbones sont done 
isolropes a recliclle iiiacroscopique mais 
fortemcnl anisotrope ii I’echelle des micro- 
pores el des cristalliles ('[ ableau I ). 

2.2 Leu liqiiidc.s 

I.es liquidcs etudies sont: 

(1) Le benzene et I’eau, qui, adsorbes sur 
des carbones. ont dejii ete etudies par polarisa- 
tion d>namique(8-10]. 

(2) Les fliioro benzenes (C(,HLV, et C,jH.-,F) 


*Nous rernercions M. le I'nifcsseur J. B Donnel 
lESCM) cl M. P. C'hichc U l-.RCHAR) pour les nom- 
breus echantillons tic carbones qu'ils nous ont fournis el 
pour les discussions tructucuscs que nous avons cu avee 
eux. 


pour lesquels on peut etudier simultanement la 
resonance magnetique du fluor et du proton. 

|3) Des liquides non polaires a deux com- 
posantes chimiques bien separees (Toluene. 
Xylene) pour lesquels ont peut etudier separe- 
ment le comportement des deux composantes 
(protons des groupes CH.., d’une part et protons 
du cycle aromatique d'autre part). 

2. .3 Preparation des hhantillons et methode 
expehmenlale 

Les carbones sont degazes a 25(rC et 10'^ 
lorr pendant 48 hr. Le tube contenant les car- 
bones esi ensuite mis cn communication avec 
celui contenant le liquidc preaiablement 
dega/e. Les quantiles de liquides adsorbes 
sonl determinees par pesees. 

Les mcsiircs de RMN sont faites sur un 
spcclrometre Varian a haute resolution, muni 
d'tine stabilisation en champ a 60 MHz sur la 
raie du prolon de I'eau (reference externe). 

I.es mesures de de placement des rales de 
liquidc adsorbe par rapport a cellos du liquide 
libre ont etc faites par la methode de substitu- 
tion. i,a precision de ces mesures csl deter- 
minee essenticllement par le poinle du 
sommet des raies larges de liquidc adsorbe. 

X RKSlil.rvrS EXPERIMENTAIIX concernant 
I.ES DEI’EAfEMENTS DES KAIES 

3. 1 Effet da champ directear H,, 

Dans tous les cas examine (Tableau 2) 
les dcpiaecmcnis onl lieu vers les champs 
croissants ii frequence tixe (1 ig. I ) et sont rig- 
oureusement proportionnels au champ diree- 
teur //„ (d'autres mesures ont ete faites a 15, 1 
MHz, 56, 4 MHz el dans certains cas a 100 
MHz). 

3.2 Effei de la nature de I’adsorhal el de 
I'adsorhant 

Les deplaccments sont caracteristiques du 
carbone et pratiquement independants du 
liquide adsorbe et du noyau resonnant 
(Tableau 2). 

Dans le cas des liquides non polaires a deux 
composantes chimiques, un deplacement 
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Tableau 2. Valeurs experimentules du deplacement el de la larf’eur des rales d 60 
MHz pour H et 56, 4 MHz pour F id esi le reeouvrement de la surface en nombre de 
vouches monomoleculaires BET ) 


Oeplatemcni Largeur 

l.iquidt adsorbe ct (H/) iHz) 

( artidhc noyau resonnant 0 2 tl ' { II - 2 H I 


NC 

■fiui 

1 oliicne 
Benzene 

t „HT 

iC'JtE-. 

H 

H 

It 

III 

ll 

47(1 I.S 

441) 

440 

4.1.5 

410 

42S 

44.5 

520 

500 

.300 ±20 

330 

.340 

290 

290 

4K0 

600 

550 

.500 

T.irholiit 1 

[tiiii 

II 

220 H. 15 

370 

SO ±20 

140 

j 

1 1 olucne 

II 

2Mi 


100 


ilunUnvVg) 1 

1 Bcn/ene 

II 

241) 

ISO 

70 

130 

SpluMon ft ^ 

( Benzene 


50 i 20 

SO 

120 

1.30 


1 2 raics 

[H 

4(H) 

500 

210 

.100 


Ouiplum 


ISO iii-/g) 

Benzene 

II 

S(HI ± 30 

6IH) ± 41) 

S-400 

j 1 nil 

II 

160.'- 10 

S30± 40 

(300 nr/gl 

1 Benzene 

It 

120 

1 000 

S650 

1 1 :iu 

11 

2(HI l .30 

1000 


1 Benzene 

It 

210 

- 1 OIH) 


cliHl'i'cnl pour les deux eomposantes a cle 
oliscrve inais la diirercnec csi (res I'aible 
(loiijours inlcrieure a 30 H/) par rapporl ati 
deplacement global des deux raieset gtuierale- 
meni a la limile de I'crreur expei imenlale, 

3 , 3 T'lfet du rccoiareiiieni dc la surface 

I e depiacemenl diminuc (Fig. 21 lorsquc le 
reeouvrement B dc la surCacc augmente 
(fl—nbre de couches monomoleculaires 
cvaluees d’apres la surface HF. 11. 

Cette proprielc n'a pas etc observee pour 
les cokes de saccharose S 400 ct S 650 pour 
lesqueis les raies tres larges ne permettenl 
pas d'obtenir une bonne precision aux faibles 
recouvrcmenls. 

Dans le cas du carbone aetif NC on voit 
apparaitre une deuxieme rale elargie mais non 
deplacee pour (I - 5 (Fig, 4). Cette raie 
s elimine facilement par degazage a tempera- 
ture ambiante. La raie deplacee par contre ne 
selimine qu'au moyen d'un degazage pro- 
longe a 200 ou 300°C. Dans le cas du noir de 
carbone Spheron 6 on observe egalement 2 


raies (Tableau 2) mats dont les inlensites 
diminuent simullanement pendant le degazage. 

3.4 Effel de la temperature 

Quel que soil le carbone. nous n'avons pu 
mettle en evidence aucunc variation du 
deplacement avee la temperature entre -80 
et +35‘'C. Ces experiences ont ete faites pour 
ditferents liquides adsorbes (eau, benzene, 
toluene) et pour differents rccouvrements 
(fl < I etfi > 1.) 

.3.5 Effet de la densite de la poudre et de la 
forme de TechantiHou 

Les poudres de carbones utilisees ont des 
densites apparentes faibles (Tableau I). Une 
compression de la poudre ayant pour effet de 
multiplier la susceptibilite volumique de la 
poudre par un I'acteur 3 modifie le deplace- 
ment de moins de 10 pour cent. Nous avons 
verifie egalement que la forme de Lechanlillon 
(tube a bulbe spherique au lieu d’un tube 
cylindrique) avait un effet du meme ordre de 
grandeur dans le cas des noirs de carbones el 
du carbone NC. 
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Fig. I. Deplacemcnl et elargisscmcnt ties raics de liquide adsorbe sur 
dilfercnt.s Carbones. De has en haul: -Toluene pur; Toluene adsorbe sur 
Ic noir de carbone Carbolac; Toluene adsorbe sur le carbone actif NC. 



I IK 2 Variation de la largeur AT el du deplacemcnl /dcs 
I lies en function du recouvrcmenl V de la surface. Lcs 
liijuides adsorbes sont Teau et le benzene. Les carbones 
sum le noir de carbone Carbolac et le carbone actif NC. 
I e recouyrement ti est exprime en-nombre de couches 
inonomoleculaires statistiques evalue d'apres la surface 
BE T du carbone. 


4. ORIGINE DU DFPLACEMENT DES RAIES 
Nous disculons mainienant I’importance 
relative des differentes causes de deplacement. 

4. 1 Interaction de contact entre les electrons 
non apparies el les spins nudeuires 
Cette interaction donne lieu a un deplace- 
ment mesure en Hertz: 


A constante d'inleraction hyperfine exprimee 
en Hz, 

Tv, 7,, rapports gyromagnetiques du noyau et 
de I’electron, 

T temperature 

rr„ frequence de mesure. 

Lorsqu'on diminue la temperature de 100° 
on devrait observer une augmentation relative 
du deplacement A///- i. Le fait que nous 
n'ayons observe aucune variation du deplace- 
ment avec la temperature (cf. 3,4) montre que 
la totalite du deplacement ne peut pas s’expli- 
quer par cet effet. 

L’interaction de contact, si elle existe, est 
done masquee par d 'autres causes de deplace- 
ment. Sa contribution au d^placement est 
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certainement inlerieure a 10 pour cent dans le 
cas des carbones NC, Spheron 6 et Graphon, 
a 1 5 pour cent dans le cas du Carbolac et a 30 
pour cent dans le cas des cokes de saccharose 
S400etS650. 

4.2 Dejormution du cku tronique des 

molecules iidsorhees 

Line telle interaction donne des deplacc' 
ments ‘chimiques' variables avec la nature de 
la molecule adsorbec|4]. Dans le cas des 
molecules a 2 composantes on deviait 
observer une variation imporiante de recarl 
des deux composantes du spectre enirc letai 
libre cl I'ctat adsorbe. De plus dans le cas des 
tluorobcn/enes et CuHr, F) on 

ohtiendrait un deplaccment bcaucoup plus 
grand pout le tiuor que pour le proton du fail 
de la grande difference des ecrans clectroni- 
ques de ccs deux titomes. Au contraire, les 
resultats experimentaux montrent Clableau 2) 
que les diffeicnees des deplaccments obtenus 
pour les dilferents liquides tidsorbes sur un 
ineme carbone et les dilferents noytiux reson- 
nants sont touiours inl'crieursa M) H?. 

Alois que duns le cas du gel de silice(4| 
cette interaction semhie etre la cause essenti- 
elle dll deplacement, dans le cas des carbones 
celie cause ne pent contribuerque pour 10-1.3 
pour cent au deplacement observe. 

4. .3 f'.ffel de la siisceplihilite diamuanetique d 
I'echelle de I'ecliantillon. 

l e champ H vu par le noyau resonnanl 
pent s'ecrire: H = Hn + h, +h.. + h:i ou H,, csl 
le champ applique, h, le champ demagnetisant 
du a la forme de I echantillon. h.. le champ de 
Lorentz[l8|. et h, le champ du a la matiere a 
I'interieurde la sphere de Lorentz. 

Si nous choisissons une sphere de Lorentz 
qui ne contienne qu’un grain de la poodre 
(hypothese raisonnable etant donne la faible 
densite d des poudres (cf. Tableau 1), le 
champ hi + ha est celui du a I’ensemble des 
autres grains et depend de la forme de I’echan- 
tillon et de la densite d la poudre. Sixiv- est la 


susceptibilite volumique de la poudre; 
Xi /■ = dx,„ ou d est la densite de la poudre et 
Xm sa susceptibilite massique (cf. Tableau I), 
on a h, + ha = -t27r/3)xi/.H„ pour un echan- 
tillon cylindrique et /i, + /lo = 0 pour un echan- 
tillon spherique. 

l.e deplacement des raies correspondant 
dans le cas d'un liquide adsorbe est pro- 
portionnel a Mi =-(27r/3)(xi7>~xV)/fo dans 
le cas d'un echantillon cylindrique (xV etant la 
susceptibilite volumique du liquide). Ce 
deplacement est mil si I'echantillon est 
spherique. 

Le calcul du deplacemcnt du a ce champ 
hi-fha donne des valeiirs faibles (10-35 Hz) 
par rapport a celles que nous observons 
( I'ableau 2). De plus, les valeurs de xr;' et 
x[ etant voisines. ce deplacement pent avoir 
lieu dans le sens du champ croissant ou de- 
croissant suivant le signe de (Xu’"xV)- Fnfin 
le fait que la compression de la poudre et la 
forme de I'echantillon n'affectent que faible- 
ment (cf. 3.5.) le deplacement montre bien que 
la partie macroscopique: h, -f h^, du champ du 
a la matiere diamagnetique contribuc pour 
moins de 10 pour cent au deplaccment 
observe. 

4.4 Effel de la susvepdhilite diamaf;neiique d 
I'echelle d'un ^rain 

A I’interieur d'un grain, les pores ou est 
adsorbe le liquide sont entoures de matiere 
diamagnetique plus ou moins anisotrope et 
plus ou moins dense suivant le carbone con- 
sidere. Le champ /i,., cree par cette matiere de 
susceptibilite volumique moyenne xc~Xn<-^ 
oil D est la densite vraie du grain (voir 
Tableau 1 et 3) depend de la forme des grains 
|2 1 1. de la forme des pores, de leur orientation 
par rapport au champ magnetique H„ et de la 
disposition des cristallites autour des pores. 
Ce champ /in est proportionnel au champ 
magnetique el independant de la tempera- 
ture et de la nature du liquide adsorbe. 11 ne 
varie pas avec la forme exterieure de fechan- 
tillon ni avec la densite de la poudre. On peut 
remarquer de plus (Tableau 3) que les 
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deplacements observes varient comme la 
susceptibilitexi des carbones. 

(at forme et la disposition des pores et des 
cristallites a I'interieur d’un grain de carbone 
etant mal connue nous calculerons le champ /r, 
dans le cas de modeles simples. 

Ces modeles doivent rendre compte de 
I’ordre de grandeur observe pour le deplace- 
ment. du fait que le deplacement a toujours 
lieu vers les champs croissants et que (sauf 
pour les cokes de saccharose) il varie avec le 
recouvrement. 

4. Cdicul du duimp local h-, 

(a) Grains dv maticre isotrope. Nous 
admettons que pour un carbone donnc les 
pores ont tons la meme forme (ellipsoi'des, 
cylindrcs allonges, ou fissures planes) et qu'ils 
sonl repartis et oricntes au hasard dans un 
grain. On peut montrcr alors (cf. annexe et 
'l ableaii 4) que le champ local /i:, a I'interieur 
d'un pore crcc par la maliere isolrope du grain 
prescntc unc distribution variable avec la 
forme du pore (fig. }) mais que la valcur 
moycnnc de /i..| (sur toutcs les orientations des 
pores) est nulle, quelle que soil Iciir forme. 

Dans le ciis de grams de maticre isolrope on 
pout done scion la forme des grainslll ) et des 
pores observer unc dispersion des dcplace- 
mcnls dus au champ local /(, qui conduit 


eventuellement a un elargissement ou a une 
dissymetrie des raies de resonance, le centre 
de gravite de celle ci n'etant pas deplace. 

(b) Grains de maliere anisoirope. Nous 
admettrons que chaque pore est entoure de 
matiere anisotrope dont la direction de facile 
aimantation est perpendiculaire a la plus 
grande dimension du pore, I’ensemble des 
pores et des regions anisotropes qui les en- 
tourent etant toujours oriente au hasard dans 
le grain. 

Ce modele decrit une situation oil les pores 
seraienl enioures de cristallites ou de couches 
aromatiques organisees a I'echelle de quelques 
cycles, les plans aromatiques etant preferenti- 
cllement parallcles a un plan contenant la ou 
les plus grandes dimensions du pore. 

Soienl x i el xii les susceptibilites volumiques 
apparentes perpendiculaire et parallele a la 
direction preferentielle des plans aromatiques 
dans la region qui entoure le pore, 

Dans ce cas h;, = h,, + h 3 ou h.', est le champ 
demagnetisant du a la forme du pore dans une 
maliere anisotrope (Xi ^ Xi) K le champ 
demagnetistant du a forme du grain con- 
stitue de matiere isotrope en moyenne 
(X "" ixii+ki), 

l.es valeurs moyennes du champ /i.,, ont ete 
calcuiccs de celle fa?on (cf. Annexe) pour des 
pores spheriques, cylindriques (ellipso'ide 




1 ig .t. Distribution du champ local h-,. A Cas de grams spheriques de 

maliere isolrope avec des pores plans-ou cylindriques--- «= l2ir/-t)Xi et 
(h ,) - 0. droiif. Distribution du chump local au voisinage d’un cnstallile. 
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ayant un axe infini) ou plans (ellipsoi'de ayant 
deux axes infinis) et conduisent aux deplace- 
ments representes dans le T ableau ?>. 

On constate que les valeurs experimentales 
sont dans lous les cas plus grandes que les 
valeurs maximales calculees pour des pores 
cylindriques et plus petites que les valeurs 
maximales calculees pour des pores plans. 
(Ces valeurs maximales correspondent a une 
anisotropic maximalc: Xii = <1 d = 3x. 

I,cs valeurs experimentales sont done en 
accord avec un modele de pores plans, Tani- 
sotropie de la matiere diamagnetique qui 
entoure les pores ctant variables d’uncarbone 
a I'autre Les valeurs des susceptibililes 
apparenies et de I'anisotropie; Xi/x due Ton 
pent deduire de ce modde (1 ableau .^1 sont 
toujours eloignees de celles du graphite 
monocrislallin- 

Xi - 48,6 egs/enr' 

X, =- I . I cgs/cm’‘ 

XlU:' 44 . 

Dans le cas du (iraphori la grande valeur 
obtenue pour x lxi-- <-'st en bon accord 
avec I'existencc de petit, s cristallites ayant une 
orientation prererentiellc suivant le plan du 
pore mais non pas rigoureusement paralleles a 
cclui-ci. 

Le rcmplissagc de la porosite par le liqiiide 
modifie la susceptibilite moyenne du grain et a 
pourellet de diminucr le deplacemenl. 

(c) LiquiJc udsorbe ,vur les cristalliles. 
Dans le cas de certains carbones les dimen- 
sions des cristallites sont connues par rayons 
X (Tableau 1 1 onl peut alors calculer le champ 
local /i;, en admettant que les molecules de 
liquidc sont adsorbes sur les cristallites qui 
constituent les parois des pores. Ces mole- 
cules subissent alors un champ local: 
h,.| = h' 4 h” 4- h"' oil h.' et h" sont les champs 
demagnetisants dOs a la forme du pore et a la 
forme du grain dans une matiere isotrope en 
moyenne et h'" est le champ au voisinage d’un 
cristallite. Nous avons vu (Section (a) et 
Annexe) que le champ h^T- hi,' dans ce cas pre- 


sente une distribution mais que sa valeur 
moyenne {h'-bh") est nulle quelle que soil la 
forme des pores. On aura done ici (h-j) ~ [h"'). 
Le deplacement est determine par le champ au 
voi.sinage d’un cristallite. 

Pour rendre comple du deplacement vers 
les champs magneliques croissants, il faut 
alors admettre que les molecules sont adsor- 
bees sur les faces des cristallites. paralldes 
aux plans aromatiques, qui tapissent le pore. 
Un tel pore peut etre plan ou prismalique. 

Nous avons calcule li"' dans le cas d'un 
cristallite forme de plusieurs (1,2 ou .1) plans 
de M) cycles aromatiques (ce qui correspond 
aux cristallites observes dans le cas des car- 
bones NC et spheron 6) en remplagant chaque 
cycle par un dipole poncluel. Nous admettons 
que lapremiere couche de molecules adsorbees 
se trouve a .4.5 A du cristallite (distance egale 
a la distance enire les plans du cristallite). Le 
champ h"' subi par une molecule de liquide 
situee au milieu de la face plane d'un tel cris- 
lallitc varie avec I’orienlation de celui-ci par 
rapport a H,). Les deplacements de raies 
correspondants ont les valeurs suivantes a 60 
MH/: 

1 scul plan aromatique /max 1476 Hz 

2 plans aromatiques ~ I H/ 

.4 plans aromatiques - 1 6 1 4 Hz 

1 (.0 =492 Hz 

2 = 0 (.0 =529 Hz 

3 .0,., = ()(/) = . 538 Hz. 

I.es valeurs .Oax el .Om correspondent re- 
speclivcment aux plans aromatiques per- 
pcndiculaircs et paralleles a H„, les valeurs 
(/> sont les deplacemenls moyens pour toutes 
les orientations du cristallite. 

Ces valeurs moyennes .sont obtenues par le 
deplacement des molecules soit d'un pore a 
I'autre (pores plans) soit d’un cristallite a 
I’autre (pores prismatiques). 

Le deplacement moyen calcule de cette 
fagon est en bon accord avec I'ordre de 
grandeur de ceux que nous observons dans le 
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cas des carbones NC et Spheron. (cf. Tableau 

2 ). 

Le champ h'^' diminue rapidement lorsque 
la distance a la surface augmente ce qui 
explique la variation du deplacement avec le 
recouvrement. 

4.6 Discussion 

L’existence d’un champ local du a la matiere 
diamagnetique a I'inlerieur d’un grain de car- 
bone est, parmi les hypotheses envisagees 
pour expliquer le deplacement des raies de 
resonance des liquides adsorbes, la seule qui 
soil en accord avec I’ensemble des resultats 
experimentaux. Les differents modeles utilises 
pour calculer ce champ local, montrent: 

( 1 ) Que ce champ local ne donne lieu a un 
deplacement des raies que si les pores oil est 
adsorbe le liquide sont entoures de matiere 
anisotrope (modele a). 

(2) Qu’une forme de pores plans rend compte 
de I'ordre de grandeur du deplacement ob- 
serve dans tous les carbones etudies et que 
Ton peut en deduire tine valeur de I’aniso- 
tropie locale a I’echelle des micropores 
(modele b). 

(.1) Que dans le cas des carbones traites a 
haute temperature et qui contiennent de nom- 
breiix ciistallites revdes par rayons X, les 
molecules sont pour la majeure partie adsor- 
bees sur les faces planes (plans aromatiques) 
de ces cristallites (modde c). Ceci est en 
accord avec I’existence de pores plans ou 
prismatiques ayant ces cristallites pour 
paror . 

(4) Le champ local /i.'i possedc toujours une 
distribution autour de sa valeur moyenne qui 
peut avoir des repercussions sur la forme et la 
largeurdes raies. 

Le modele en feuillets propose par Emmet 
125 1 et generalemenl admis pour les carbones 
II2| es( done en bon accord avec I’ensemble 
de nos resultats experimentaux. Toutefois 
dans le cas des carbones traites a haute 
temperature et contenant des cristallites de 
yiaphitc un modele de pores prismatiques con- 
vient egalemcnt. 


Nous precisons done ici nos resultats pre- 
sentes anterieurement[5J et nous arrivons 
dans le cas des carbones a une conclusion sur 
I'origine du deplacement analogue a celle a 
laquelle est arrive Geschl<el6] a partir de 
resultats experimentaux de nature diflferente. 

4.7 Cas particuliers 

La presence dc deux raies de resonance 
dans le cas des carbones NC et du noir de 
Carbone Spheron 6 (cf. .4..^) s'explique par 
I’existence de deux sites d'absorption pour 
lesquels le champ local /i.., est different. 

La raie deplacee correspond aux molecules 
adsorbes a la paroi des pores sur la matiere 
anisotrope (modele c), qui sont difficiles a 
extraire par degazage. 

La raie non deplacee correspond a des 
molecules se trouvant au centre des macro- 
ptmes, (loin des parois) ou a rexterieur des 
grains. 

5. RESULTATS EXPERIMENTAUX CONCERNANT 
LA LAROEUR DES RAIES 

L’etude de la largeur et de la 'orme des raies 
en fonction du champ //„. de la temperature et 
du recouvrement de la surface montre que Ton 
peut classer les carbones en deux categories: 

(1) Ceux pour lesquels la largeur de raie 
des liquides adsorbes esi de type homogene et 
reste constante lorsque H„ varie. 

(2) Ceux pour lesquels les largeurs de raies 
sont de type inhomogene et varient avec //„. 

5. 1 Raies de type homopene 

Pour les frequences de mesure 15,1, 56,4 et 
60 MHz le noirde carbone Carbolac donne les 
resultats les plus caracteristiques de ce type de 
raies a savoir: 

(a) la largeur des raies reste constante 
lorsque //„ varie ( I5,i , 56,4 et 60 MHz). 

(b) la largeur de raie augmente lorsque la 
temperature diminue. 

(c) la largeur de raie augmente lorsque le 
recouvrement diminue (Fig. .1) sa forme reste 
toujours symetrique et approxiniativement 
Lorentzienne. 
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(d) la largeur de raie esl sensiblement la 
meme pour les diflerenles molecules adsorbees 
eludiees (Tableau 2). 

(c) la saturation des raies est caracteristi- 
que des raies homogencsl 19|. 

A 100 MHz on observe pour ce carbone 
des raies elargies par rapport a celles ohser- 
vees pour des frequences de mesures inferi- 
eures ou egales a 60 MHz et qui prescntent 
les proprietes des raies inhomogenes (cf. 
parugraphe suivanf 5.2), 

5.2 Riiifs lie type inhoiniif’ene 

l.c carbone actif NC donne pour les liquidcs 
examines (sauf t',iHF.-,) les resultals les plus 
caracttTistiques de ce type de raies a savoir; 

(a) la largeur de raie. comme le deplace- 
ment. croit avec //i,. 

(b) la largeur de raie, comme le deplace- 
ment tie varie pas avec la temperature entre 
■■■8()"et f.T5" 

(c) la hirgeur decroit lorsque le recouvre- 
ment 0 de la stiil'ace augniente (l-ig, 2). 

I’oiir 0 I on observe line raie dissyme- 
Iriqiie (l ig. 5) el la dissymcliie de cette raie 
aiigmenie avec 

Pour H } on observe une raie synietrique. 

l a deuxienie raie qui apparait pour 0 ■ 5 
esl synietrique egalemeni (f-'ig, 4). 

(dl la largeur des rates est sensiblement la 
nienie pour lous les liquidcs examines sauf 
poiirC'|)HF;,( Tableau 2). 

(e) les experiences d echo de spin Taites sur 


le meme carbone (NC + benzene) ont montre 
111] que le temps de relaxation T.^ obtenu par 
cette methode est plus grand que celui 
mesure a partir des largeurs de raies ce qui 
confirme le caractere inhomogene des raies. 

Les raies observees pour le proton et le 
fluor de CiHLs adsorbe sur le carbone NC 
sont beaucoup plus larges (Tableau 2) que 
celles des autres liquides et presentent les 
proprietes des raies homogenes (cf. 5.1). 

6. ORKIINK UE I.A I.ARltEUK DES KAIE.S 

Les interactions dipolaires inter el intra- 
molcculaires sont a Torigine d'un champ local 
dont la valeur moyenne esl nolle mais dont la 
distribution a une largeur de 15 a 30 kHz 
avanl retrecissemeni par le mouvement. 

Le champ local /i;, d'origine diamagnetique 
(cf. 4.4) presente egalcment une distribution 
due d'une part ii la forme cl a I’orienlation 
aleatoire des pores a Tinterieur d'un grain 
( Tig. 3), et d'aiilrc part a la forme et a Torienta- 
tion aleatoire des grains lorsqu'ils ne sont pas 
spheriques|2 1]. 

La largeur homogene dipolaire (15-30 
kHz) est relrecie par toils les mouvements 
(translation et rotation) des molecules 
adsorbees, que nous caracterisons par un 
temps de correlation global r,.. 

La largeur inhomogene due a la forme et a 
Torientalion des pores (0,5-3 kHz a 60 MHz) 
peut etre relrecie par les mouvements de 
deplaccment des molecules d'un pore a Tautre 



Eig. 4 Benzene adsorbe sur tc carbone NT dans le cas d’un grand recouvrement 

(»' 10 ). 
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NC+ BENZENE 

Fig. 5. Benzene adsorbe sur le carbone actif NC, on remarque la 
dissymetrie de la rale obtenuc pour un faible recouvrement. 


ou d'un cristallite a I’autre, dans le meme 
grain, s’ils sont assez rapides. En eft'et ces 
mouvements, de temps de correlation t;„ 
modifient la valeur de champ /!■, vu par une 
molecule donnee. Ce type de mouvements est 
un cas particulier de I’ensemble des mouve- 
ments des molecules adsorbees decrit pre- 
cedemment (de temps de correlation r,.). 

La largeur inhomogene due a la forme (non 
spherique) des grains et a leur orientation 
( 120-3(X) Hz a 60 MHz) n’est pas retrecie par 
les mouvements des molecules dont la pro- 
babilile de changer de grain est tres faible en 
raison de la grrmde porosite d’un grain et des 
I'aibles recouvrements consideres. 

On obtient un ordre de grandeur du temps 
de correlation r,. par la formulae. 

Aw - Tc Aw7 (20 ch. X) ou Aw est la largeur 
de raie retrecie par le mouvement et Aw7 le 
second moment de la raie avant retrecisse- 
ment, la condition pour qu’il y ait. un re- 
trecissement etant T, < 1/Aw. 

6 I Cas des rates de type hamoj>ene: Noir de 
earhone Carholac 

Dans ce cas la cause de' largeur predom- 
mante est vraisemblablement la largeur di- 


polaire. Celle-ci est en efl'et independante de 
H„, elle croit lorsque le mouvement des 
molecules est ralenti, ce qui est en bon accord 
avec les variation de la largeur observees en 
function de la temperature et du rccouvre- 
ment. 

Pour le noir de carbone Carbolac (doni les 
grains sont spheriques) la cause de largeur 
inhomogene est encore negligeable a 60 MHz 
et on a: Tq < 10 ^ sec el r,. -810“' sec (t,. a 
ete calcule dans le cas du benzene adsorbe 
en monocouche et a temperature ambiante). 

Lorsque le champ directeur H„ augmente, la 
largeur d'originc dipolaire reste constanie 
alors que la largeur de type inhomogene, 
retrecie par le mouvement, augmente pro- 
portionnellement a et peut devenir 
apparente. C’esI ce qu'on observe a 100 MHz 
et on peut en deduire: t;, ~ .‘i 1 0“'' sec. 

On remarque que le temps de correlation 
T,) lie aux mouvements de deplacement des 
molecules qui modifient /j,, est 100 fois plus 
grand que celui lie a la mohilite globale des 
molecules adsorbees. 

6.2 Cas des raies de type inhomopene: 
Carbone actif NC 

Dans ce cas, la largeur inhomogene due a la 
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distribution du champ local k, est predomi- 
nante, ce qui explique la variation de la largeur 
de raie avcc H„. son independence de la 
temperature el le fait que les raies du proton el 
du fluor aient la meme largeur dans le cas du 
F (cf. 

Dans le cas du carbone NC les grains ne 
sont pas sphcriques, on a done toujours une 
cause dc largeur inhomogene non retrecie par 
le mouvement des molecules adsorbeesci qui 
ii 60 MHz, peui etre evaluec a 270 Hz: 

Cette cause de largeur pent expliquer la 
dissymetrie de la raiel2l-22| observee pt)ur 
les f'aihles recouvrements a 60 MHz (Fig. .‘'I 
et qui disparail pour un champ direcleur 4 Ibis 
plus faible (15,1 MHz.l. 

6.5 Ciis di’s niic.s du i>r()l()n cl du fluor du 
peulofluoroheiK.i’iU’ 

I es rates beaucoup plus larges observees 
dans le cas de ( (,Hf--, adsorbe sur le carbone 
NC' ('fableau 2 1 s'expliqucnl de la ('ai;on sui- 
vante: la molecule C'„HI ;,. beaucoup plus 
lourdc que les autres molecules eludiees. a des 
mouvements plus lents a temperature egalc. 
Ic reliccissemcnt par le mouvement esi alors 
moiiis erticace et la largeur dipoliiirc devient 
predominanle. 

De plus, le fail que la largeui de la raic du 
lUior soit plus grande que la largeur dc la raie 
du proton confirme la contribution importante 
de la largeur dipolaire. On sail en effet (20 
C hap. VIII) que le second moment de la raie a 
une expression dilferente selon que rinlerac- 
tion dipolaire a lieu entre spins identiques ou 
spins ditferenis. Dans le cas de C,,H F.-, on 
obtient en tenant compte du retrecissement 
des raies par le mouvement un rapport des 
largeurs: (A6 j„/A(oJ = 0,56. La valeur ex- 
perimenlale de ce rapport; 0,80±0,0.5 
(T ableau 2) trop grande s’explique par la con- 
tribution residuelle de la largeur inhomogene 
due au champ local. 

II est alors possible de calculer la partie 
dipolaire de la largeur et d'en deduire pour une 


monocouche a temperature ambiante ~ 10'* 
sec. 

6,4 Discussion 

I.es deux causes de largeurs de raies mises 
en evidence dans les paragraphes precedents 
sont toujours presentes simultanement dans 
le cas des carbones, mais selon la grandeur 
du champ W„ et du temps de correlation r„ 
qui regit le deplacement des molecules ad- 
sorbees Tune des causes peut devenir pre- 
ponderante ou negligeable par rapport a 
I’autre. 

Les ordres de grandeurs que Ton deduit de 
CCS considerations pour le temps de correla- 
tions caraclerisant les mouvements des mole- 
cules adsorhees en monocouche montrent que 
pour les deux carbones la mobilite des 
molecules dans la phase adsorbee est com- 
parable. 

7. CONCl.tlSION 

1..C diamagncMisme anisolrope a I’echelle 
micioscopiquc des carbones est a roriginc 
d'un champ local important qui explique les 
grands deplucements de raies des liquides 
adsorbes et leur largeur de type inhomogene 
dans certains cas. 

l.es deplacements imporlants dus a ce 
champ local masqiient ceux dus a la deforma- 
tion du nuage electronique des molecules 
adsorhees et a la difference de susceptibilite 
macroscopique de la poudre de carbone et du 
liquide adsorbe. ('es deux effets nc peuvent 
intervenir que pour environ 1 5 pour cent dans 
le deplaccmenl observe des raies. Malgre la 
concentration importante en centres para- 
magnetiques des carbones, nous n’avons pu 
mettre en evidence dans aucun des cas 
examines dans cet article, une contribution au 
deplacement de I'interaction scalaire entre les 
electrons du carbone et les spins nucleaires du 
liquide adsorbe. 

Nous montrons quo I’etude du deplaccment, 
dc la largeur et de la forme des raies de RMN 
haute resolution peut apporter des renseigne- 
ments nouveaux sur la texture, et I’anisotropie 
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magnetique du solide a I’echelle microscopi- 
que, et sur la mobilite des molecules adsor- 
bees[23,24]. 
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ANNEXE 

Le champ demagnctisani a rinicneiir d'une cavile de 
forme cilipsoidalc du a la malierc diamagnetique qiii 
I’entourc pent s ecure 

h’ = 4'n'H,i(Xii/9j- cos' a +Xi|/V„ cos‘ li + yiN. cos' >) 

oil «, I) ely sont les angles directeurs de H„ dans le axes 
Oxyz de rcllipsoide. N^.. N^. N, son! les facteurs dc- 
magnetisanis suivani les axes Ox. Oy et Oz. 

[Nj. + N„ + N,= 1). xi el xj sont les susceptibilites 
volumiques parallele et perpendiculaire au plan XOY lici 
le plan aromalique) On prend I'axe Oz de I'ellipsoide 
suivani la direction de facile aimantation. 

La valciir inoyenne (h',) du champ /i, pour toules les 
orientations de H„ est 

Le champ dcniagnetisanl dans un gi am sphenqiie est 
4ir 

f fXiiCos'o-t XiiCos'/J + xiCos'-yJHi, 

iN, - N„ - N; = 0 el sa valeur moyenne pom toules 
les orientations de //„ est (IQ --iHnl2}xH„ oil 
X- ixn + XIi^s' It* susceptihilitc volumique moyenne, 

Le champ local h, pour differcntes formes de pores 
dans un gram spherique hi =h', + h" est donni; dans le 
Tableau 1 
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DIPOLE SUMS FOR HEXAGONAL, TETRAGONAL 
AND ORTHORHOMBIC LATTICES WITH A BASIS 

P. BRijE.SCH and M. METZ 
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( Received 6 Ocloher 1 969 ) 


Abstraet- Mackenzie's method for calculaling dipole sums is generalized to orthorhombic, tetragonal 
and hexagonal lattices with a basis. Specific examples, such as the hep struct tire, are treated numerically. 


1. INTRODUCTION 

In problems of lattice dynamics and spin 
wave theory one often encounters sums of 
point dipoles which converge very slowly in 
an oscillatory manner. Based on the Ewald- 
Born lattice sum formulas (1, 2], Mueller[3] 
has given expressions for the l.orentz factors 
of simple hexagonal and tetragonal lattices as 
a function of the axial ratio of the unit cell, 
da. The application of this method is made 
complicated by the fact that an arbitrary 
parameter must be chosen so that all the series 
occurring in the expressions for the Lorentz 
factors converge rapidly. Furthermore the 
actual calculation of the sums in more compli- 
cated lattices is tedious because the vectors of 
both, the direct and the reciprocal lattices 
occur. 

In their recent study of the dipolar effects 
on spin waves in thin films, Benson and 
Mills [4] encountered certain dipole sums for 
the simple cubic lattice which they converted 
to rapidly converging series by applying a 
method due originally to Mackenzie [5] and 
described by van der Hoff and Benson [6], 
The same method has also been used in the 
studies of normal modes of a semi-infinite 
ionic crystal by Tong and Maradudinf?]. The 
evaluation of the sums by this method is 
simpler than by using Mueller’s expressions, 
mainly because no arbitrary parameters and 
no reciprocal lattice vectors occur. Further- 
more Mueller’s expressions are valid only for 

in 


zero wave vector (j) (all dipoles parallel and in 
phase), whereas Mackenzie’s method is not 
restricted to di = 0. 

The purpose of this note is to generalize 
Mackenzie's method to hexagonal, tetragonal 
and orthorhombic lattices with a basis. 

In Section 2 we give the general expressions 
for the dipole sums. Section } contains the 
application to the examples of the simple 
orthorhombic, tetragonal and hexagonal 
lattices. I n addition we consider the frequently 
observed hexagonal closed packed structure 
which has not previously been treated in the 
literature. 

We also have formulated this method for the 
general lattice with a basis. Then the expres- 
sions become ralher lengthy. We do not give 
them here because in most applications only 
the simpler expressions will be needed. 

2. GENERAL FORMULAS 

In the method applied by Benson and 
Millsf4] the sums are carried out over infinite 
planes. The generalization for hexagonal 
lattices is done most easily if the two dimen- 
sional hexagonal lattice with lattice constant 
a is decomposed into two orthorhombic sub- 
lattices with lattice constants a and b — V3«. 
Arbitrary a and h. of course, correspond to 
the general orthorhombic lattice, whereas for 
a = h v/e are concerned with the tetragonal 
lattice. Using Benson’s and Mills’ notation. 
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the Mims we are coneerned with have the the results will he given. For the orthorhombic 

lattice we find 

/t fii ~ ■ 






J ■‘V / J ,, 


, / '’m 


The prime on the summalion indicates that 
when L. - 0 the teim with L, - L,, = 0 is to 
he excluded. 

For an orthorhomhic lattice the lattice 
vector I, - (Z.,„ has components 



-- /), -F /,</. L„ ^ fi,, f /„/), /,, p,. 

Fiere p ^ ( /i, . p,,. fi; I is the vector from the 
origin (at which the field is evaluated) to a 
nearhy point of a two dimensional orthoi- 
homhic lattice in the plane p. - constant, 
over which the sumination is earned out (sec 
Fig. I). /, and l„ arc integers langing fiom 
■■■'-c to +y-. 

We consider first the plane p, / 0. The 
generali/ation of the method descrihed hy 
Benson and Mills is straightforward and only 


z 



X 

Fig. t. Description of geometry ii.seit in the latiice sums. 
The a, h, and < axis ol the orthorhombic tatticc .ire 
assumed to be parallel lo the t, v. and c axis, respectively. 


wheic 

-| I -|Uli 

y«m = -.(Trii + l(j),.ti)--\ jr,{TTni + !i(l)„hy- . 

( 3 ) 

I cl IIS now consider the case p.. = 0. 
Following Henson and Mills we define 

SA<I> ,.</)„)-■ V' ,-y -q;-) T|-V . • re'^'■ 1, . 

1 -/ »/ 

S ,{'!> I • ~ V' — — . 

( 4 ) 

f he summtilion excludes the term with both 
/,, sind In terms of these quantities 

we have 

=.S',,(rf)j,f/jj -2.F;„((/),.,d)j (.S) 
I'K. db/) d“.S'„(d)j., (jtij). 

Again, the derivation can be generalized 
easily. The expressions for the orthorhombic 
lattice are as follows 
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SA<I>.^ <i>y) = ^3 2 i 

/j «•— » )( =- —X 

X {■jrn + i(l>iih)'^ ■ K-, 2 | • |/j.+ 


+£. 

a 


7rrt + it^„/j [, 


( 6 ) 


/„ * -« /< = -a 

X + ■ A'2|2- 



nn + 



A'if.r}. the modified Bessel funelion of'order 
IwolS], converges rapidly for large values of 
If, If Pj. = 0 in 5.r( </>)■. (/>v) the term with /j. = 0 
in the sum is excluded, and correspondingly 
foi\V„((|!)j,<f)„), 

'Co oblain Ihc oontnbulion of the whole lattice, the 
summation over the layers can be carried out explicitly. 
I.el the equidistant sequence of all stihlallice layers 
with the same basis (pj., />„) be described by p,(.0 = 
ni + Pm '..r, (.V = 0, ± 1 , ± 2 . . . ) . The notation is explained 
in Fig. 2. Chen 


Z 



f'lF 2 p,o IS the distance between equivalent layers. 
r„ IS either zero or the distance between the plane : = (I 
and the nearest noneqiiivalcnl plane 

(o) Simple orihorhumhic laiiice 
Let a, h and c be the lattice constants of the 
orthorhombic lattice. The total dipole sums 
are given by (7). where p^ = c and r„ = 0. 
Putting Pj. = p„ = 0 in (6) we obtain 


Stt 




( Till + i<hj.ri I ■' 

X ^ cosh (2r„y„„) 




I - 1 « - 1 


477 - , 3277 ^ * 


( 8 ) 


3«'' S 


For the evaluation ofDrx(<l>r' <t><f hi) formula (2) applies 
il r„ / 0, and (b) if r,, = 0 f)„„ and D,. can he expressed 
correspondingly 

3. EXAMPLES 

In the following we consider only the 
case (f)j, = (f)„ = 0 and write Dj.j,(().0.p-) = 
IK.r(p,} etc. To illustrate the method and to 
compare with Mueller’s results we first con- 
''ider the simple orthorhombis, tetragonal and 
hexagonal lattices. Finally the results for the 
hexagonal closed packed structure are given. 


Substitution of (8) into (5) yields Dj.j.(0), 
£>«„(0) and £>....(0) = -Dj.j.{0) - O„„(0). 

The simple tetragonal lattice, where a = 
ft 5^ (■ has already been studied by Mueller[31 
who expressed his results in terms of the 
Lorentz factors Lj.. as a function of the 
axial ratio of the unit cell. da. In order to 
compare with Mueller we express Lj.. /.. in 
terms of D^j., Dy„. D... From the expression of 
the local field, Fj. = t,r-F(47r/i’)Lj.p, = Ej- 
DsiPx (Pj = dipole moment, e = volume of 
the unit cell) and from Z.j -I- f /.; = I we 
obtain 
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L, = L„^~~D„.L.= 1-2L,. (9) 

477 

If cja 2 we have } (0) and 

Iherefote /)„ = Evaluation of Ihe 

sums yields 

(0) = ()-359-,/n 

in agrecinenl with Mueller. Eor (/u= 1 we 
obtain E,. ^ Ihe well known 
Lorent/ factor for the cubic slructuie. 

l or (id — i the contributions wilh />. / 0 
become importtinl. Evaluation of the sums 
gives /.,(()) =^0180. the other layers contri- 
bute — (1-445, so that /., = -0-265 in accord- 
ance with Mueller (sec Eig, I in Kef.(31). 

lb) Simple licuipimiil huth c 
Each two dimensional hexagonal lattice is 
decomposed into two orthorhombic sub- 
lattices (I) and (2) with /i,"’*^ iuid 

pr - <‘I2. i>r - hl2 = { v:5/2)rr. If D'>J(,),) 
and y)';J,(p,) denote the contributions from 
sublattices ( I ) and (2) respeciivcly we have 

n,Al>A ly.AP:) I /)?.’,( pd (10) 

Using (6), (5) and (Mil ;md /d,.,(OI “ ID,,, AO) 
we obtain 


D,, = -2D,,. 

For ija > I, 5 we have again D,, =» D,,(0), 
and evaluation of the sum.s ( 1 2) gives 

= 0-380 •(■/«. 

477 

Mueller finds E, = 0-370 ■ cja, probably due 
to inaccurate calculation. 

(c) Hcxai;on(il closed packed slruciiire 
Ehere are two inequivalent sites n and ji in 
Ihe unit cell, one at the origin .v„ = _v„ = t:„ = 0 
(at which the field is evaluated) and the other 
at .v„ = n/2. V/, ~ n/2V'I. = cl2. The field 

produced by the dipoles a is given by D„, = 
Dj,(()) + 2D,j(e) + . . ., whereas the field of 
(he dipoles (A is given by D,,, = 2 D,,{c 72 ) + 
2D,,(3(-/2) + . . .. Since for the ideal hep 
structure < /n -• V (8/3) = 1-633 we have 
again D, ..(c) -- D,.,(0). The corresponding 
l .orcntz facHU's are therefore given by 

L., --^D„(0)= 0-380 f/n 

(see simple hexagonal lattice wilh cja > 1-5) 
and 

= (14) 


D„(0) 


1677' 

27^r“* 


1 + I8I.S',3-.S-,)1 


(ID 


where 

= i: i>rK,l2V}7Tfill 

/ M (/ - 1 

■^7=2 2 (-l)VA'.,(2V37r«(/-Ei)]. 
1^0 » - 1 

From (7) we obtain for the total sum 


D,, = D„, = D,,(0) + ^ 





If f)yj.mid D‘j-’ are the contributions of the 
(wo orthorhombic sublattices (I) and (2) of 
(he d layers, with components p,"’ = o/2, 
P„'" == «/2 vT and p,'-' = 0, p^'-’ = -ajVT, we 
obtain from 17) and using the symmetry 
properties of (he lattice 



H ) HI even 



(15) 


X 


H w ^ even 


The result.s for T„„ L„, and L, = La,-ET( 3 , 
are given in Table I for 1-5 s cja « 2-0. 
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Table I. Lorentz factors L, of the hep 
structure as a function of the axial ratio of 
the unit cell, c/a, with contributions I.„x. 
Lflx of the two inequivalent sites a and fi 


cla 



l-v 

1-5 

()-570 

0-134 

0-704 

1-6 

0608 

0-100 

0-708 

I'bll 

0 621 

0-091 

0-712 

1-7 

0646 

0-075 

0-721 

1-8 

0-684 

0-056 

0-740 

19 

0-722 

0-041 

0-761 

20 

0-760 

0-030 

0-790 
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MANY-BODY PERTURBATION THEORY FOR 
NON-ORTHOGONAL BASIS STATES 


D. J. NEWMAN 

Department of Physics, Queen Mary College. Mile End Road. London E. I ., England 
(Rfcfived Scpiember 1969) 

Abstract- A simple extension of Brueckner-Goldstone time independent perturbation theory is made 
to allow the use of non-orlhogonal basis states. This has advantages for composite electronic systems 
in that the 'natural' one electron states (i.e. those which produce the most rapid convergence of the 
perturbation senes) aic frequently non-orthogonal The formalism is applied to the case of a pair of 
overlapping systems and is further specialized to give expressions relevant to the crystal field problem. 
A possible application to electron correlation in large atoms is also discussed. 


I. INTRODUCTION 

Previous pLiblicalions[l, 2, 3] have intro- 
duced several methods of dealing with non- 
orthogonal basis stales. In particular it has 
been shown how to formulate energy ex- 
pressions to arbitrary order in the overlap 
integrals[3]. The main defect of the previous 
work is that the expressions obtained became 
very complicated beyond second order in 
perturbation theory and are not simply related 
to the conventional theories of perturbation 
expansions to arbitrary order. These diffi- 
culties arose partly because an explicit zero'th 
order Hamiltonian was not identified and 
partly because an attempt was made to avoid 
one electron matrix elements involving un- 
occupied (and unexcited) stales appearing in 
the results. 

The reason for using non-orthogonal basis 
slates in perturbation theory is that it is some- 
times possible to determine a closer approxi- 
mtition to the exact eigenstates in this way 
than is given by any known orthogonal set. A 
systematic orthogonalization procedure can, 
t>r course, be used, but this does not help us 
to determine the new zero'th order Hamil- 
tonian Besides this, a ‘natural’ excited 
state begins to look quite unnatural when it 
has been orthogonalized with respect to many 


posed of many atoms or ions. Here the natural 
basis states arc m many cases the states 
determined by the Hartrce-Fock potentials 
associated with the individual aloms. 

In this paper we first generalize the 
Brueckner-Goldstone form of time inde- 
pendent perturbation theory to non-orthogonal 
basis states, i.e. in terms of a non-Hermilian 
/if„. An explicit expression for //„ is then 
obtained and the formalism is specialized to 
the case of two overlapping systems, each of 
which has internally orthogonal unperturbed 
states. These results are then used to obtain 
expressions for the crystal field up to third 
order in perturbation theory and to identify 
the infinite sums which shift the denominators. 

The notation used for the creation and 
annihilation operators of non-orthogonal states 
is identical to that described in Ref. [3]. We 
also find it convenient to use generalizations 
of some of the results obtained by Kelly 14. 5, 
6] for atomic systems. 

2. PERTURBATION THEORY WITH 
NON-ORTHOGONAI. BASIS STAIES 

We first generalize the usual Brueckner- 
Goldstone perturbation formalism to the case 
in which the total manybody (Hermilian) 
Hamiltonian // is split into non-Hermitian 
components. Let 

/■/ = //„+//' where //„t. 


other unoccupied excited states, A character- 
istic example of this situation is a system com- 
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It is necessLiry to distinguish the right and left 
many-particle eigenfunctions of /V,,: 

//„|f„> - and 

( 2 . 1 ) 

where -- S,/. We now adapt the argu- 

ment of Brueekneil?) in the form given by 
March I'l (//.|Xt to nonorthogonal basis states. 

■Suppose that the true ground stale is repre- 
sented by |i|;) so that 

/’/li(i) and (ijtl = (|i//))1 

v\heie the summation convention has been 
employed, for convenience we choose the 
normalisation - i//,, I ■ I he eigen- 

value equations then give 

' f'li 


and 

n 0 ' 

A further iteration can then be carried out 
for the energy expansion to get 

linked cluster expressions (denoted by sub- 
script L) which are formally the same as those 
obtained by Brueckner 

/2"’ - 


(ev'f'K, 




'm) Hi, t-o /r,i / 1)/ 


anti wc dclinc 

A/, ■ /, y„, (.//[//'kS). 

In Older to develop the perturbation series 
we introdiice projection operators 

/>- and ()- I y u,)a' I. 

t •'O 

so that (i(i| - (f"! + ^i//l(). .Substituting this 
expression into the identity 

(|//|(/■.■„ /■/„) (thli 

- (i//|(//'-A/r) 

then gives 

(.M = (.M(//'-A/-:i~^--. (2.2) 

It should be noted that, with this choice of (), 
QHi) = HnQ' so that the order of numerator 
and denominator in equation (2.2) does not 
need to be specified, iterating this equation 
for (i/il gives 


In most problems the perturbative Hamil- 
tonian represents the sum of a single particle 
potential and a two particle interaction 
potential. We therefore write 

H' = a'* (i'{i\V[i) + ill' ' a^’a'{ij\i>\lk) , 

where the significance of the covariant and 
contravanunt suffices is as defined in Ref. [3]. 
The evaluation of products of annihilation and 
creation operators between |f„) and (f"| gives 
results which are a trivial generalization of 
those for orthogonal states, e.g. 

if t f- .V. (2.4) 

In these expressions an underlined suffix in- 
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dicates that only occupied states in |f„) give 
a non-zero result; tilde underlining indicates 
that only states not in H,,) give a non-zero 
result. 

Substituting these and similar expressions 
into equation (2.3) we obtain the following 
results for the energy contributions in terms 
of matrix elements formed from one electron 
states: 

'x{lm\fi\sr)]l{t,~(,) (2.3) 

(Ihc summation convention is not applied to 
denominator suffices). In the second equation 
we have included only one electron excita- 
tions (,v — > f), the tilde underlining being used 
to indicate that only excited single particle 
states are summed over; t-, are the one electron 
eigenvalues of Hn- 

The basically simple form of the above 
equations may be made more explicit by the 
introduction of matrix elements with raised 
suffices. We write 

T', = 5'Ja|T|,/), 

(;«*, = 5'^5J'"(rm|glA/),G’'Jy = G»,,-GV 
andG' = F-+G'-'',,. 

I hen, for example, 

£«'=G*,GV(G-«r)- (Tb) 

I his formulation makes it trivial to generate 
expressions for the higher order terms of the 
perturbation series. Each term is related to a 
Goldstone diagram in the usual way with the 
following extra rules: 


(a) All state summations involve one co- 
variant and one contravariant suffix in the 
numerator. 

(b) On each symbol the right hand side co- 
variant suffices are summed over a restricted 
range (i.e. over only occupied or only un- 
occupied states according to whether the 
ingoing line represents a hole or a particle). 

It is worth noting that, because of the re- 
striction of some summations to occupied 
stales, the perturbation series is quite different 
to the one that would have been obtained by 
initially orthogonalizing all states. Some 
examples of diagrams and their interpretation 
are given in Fig. I . 



Fig I lAiinipti's dI ihc mlcipivuilion ol (iold^lone 
energy diiignims Note lh;il the line cnlcnng ;i node alttav' 
eolrcspond^ lo the covariani vnth rcsincled range. 

Diagrams giving single particle excitation 
contributions to are shown in Fig. 2, The 
corresponding expressions are 
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+ V '/; “JU, - €„) («, - €„). (2.7) 

For convcigencc of ihc perturbalion series it 
is usually necessary to idcnlify all those terms 
of E''" with I - ,v. i> ^ q. as the first terms of an 
infinite series which shifts the denominators 
[ 5]. '('hen we replace t, — by 

€, + (/',- (7', no summations) 
in equation (2,b). 


Now suppose that systems A and B are 
brought together so as to be both overlapping 
and interacting. The joint overlap matrix of 
the one-particle states S„ = (/|J) is taken as 
the metric tensor of our formalism. We note 
that S„ii = Sm, — ion ^ ® and [3] 

[Ort> ]+ ion' 

'1 he orthogonality of states within systems 
A and B implies that 

i''‘''.i',.„ -- -i'"", = -5"". (3.2) 









}. OVEKI.Afl’INt; SVSIEM.S 
Consider two non-interacling systems of 
electrons A. li with independently diagonal- 
ized Hamiltonians: 

//, = 2 Hi, 

It M 

In general we shall use suffices a, fi.y . . . for 
A and fi, r, r . . . for B. Suffices ranging over 
the one-particle states of both systems will be 
written i = «, /x; j = jf, m k -y.r. It is con- 
venient for the present discussion to avoid the 
problems associated with defining complete 
sets of states by arbitrarily truncating the 
ranges of the suffices; a~[...Ny. ii = 

N.,+ I N. 'Fhe number of electrons in 

system A. denoted is presumed to .satisfy 
n,i TV.,. Similarly ^ N - N , - N„. 


fhe natural ‘reference slate' based on the 
ground slates of the constituent systems in 
isolation is pioduced by creating electrons in 
the lowest energy levels of both systems: 

"11 " I ".1 "H 

!'!'«) = [] ii/ [] u„'|0) = fj [] rv'|0). 

fi (X (I 4 

A simple modification of //, and Hu gives 
operators which are separately eigen-operators 
of !'!'„> and similarly defined excited states: 
we write 

// (A ) = u". H{B}= (3.3) 

where an obvious summation convention has 
been employed. These operators take the 
same energy eigenvalues in the overlapping 
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(but non-interacting) system as H ^ and 
have in the isolated systems. 

These properties, combined with the fact 
that H(A) and H(B) commute, lead up to 
define a non-Hermitian unperturbed Hamil- 
tonian 

It should be emphasised that this expression 
for //|| is, in fact, quite general and is implied 
by equation (2.1). The perturbation, cor- 
responding to the interaction of the two 
systems, is then given by H' - H - H„ where 
the full Hamiltonian may be written in ex- 
plicitly invariant form|31 as 

W = «'V{/17 -bfl/) 

In this expression T represents the kinetic 
energy terms, and V the total potential energy 
of the combined system. An external potential 
can be introduced if required; it involves no 
new considerations. 

Our first problem is to eliminate from //' 
those matrix elements of T which do not 
appear in //,|. We write 

where, according to equations (3. 1 ), we have 

(74K')|a) = €„'l«) 
and 

(r+nk) = €/lM). 

In these equations F'* and V" are often the 
self-consistent Hartree-Fock potentials a.sso- 
ciated with systems A and B respectively. It 
follows that 

i = ( 3 . 4 ) 

and 

(alT|/x) = 

= e/{a|M>-<a|F'V>- (3-5) 
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The perturbative part of the Hamiltonian is 
thus 

tr = H-H„ = u'^a>(i\V\j) 

-I- 

where the potential V is defined by 

(3.6) 

(i|Flr) = 

This makes the non-Hermitian character of 
H' explicit. In many problems it is convenient 
to eliminate either F' or F" from the cross 
matrix elements between systems A and B by 
means of equation (3.5). In particular we may 
choose to completely reformulate the per- 
turbation series with an Hermitian potential 
defined according to either of the following 
relations: 

F = F in all matrix elements other than 

(«|F|/') = («|F|i'} + (e„-ej(u|i'). (3.7) 

P = F in all matrix elements other than 

(m|F|) 7) = (ffl-€„)(/3|/x). (3.8) 

Note that neither F nor F are scalar potentials 
because of the distinction between (a|F|/3) 
and<^|F|r). 

4. FORMUI.ATION OF CRYSTAl, FIELD THEORY 
In order to demonstrate the power of the 
results obtained in Sections 2 and 3 we apply 
them to the problem of formulating expres- 
sions for the electron energies in a one-particle 
crystal field. Approximate solutions to this 
problem to second order are well known and 
have been used in numerical calculations 
(9. 101. 

System B is taken to be the outer shells of 
a closed shell ion combined with a central 
point potential. System /( is a single electron 
in an open shell of another ion which overlaps 
B. The set of states considered is taken to 
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include only the occupied states of B and the 
degenerate open shell stales of /4. Hence the 
only excitations will he of electrons from 

to/I. 

We shall further suppose that each energy 
level in the open shell system transforms as 
a distinct irreducible representation of the 
symmetry group C„ of the combined system. 
This avoids the introduction of a generalised 
perturbation theory for degenerate systems 
|6| It also allows us to obtain the following 
results for the components of S" in terms of 
the pivottil quantities defined in our previous 
work 1 31' 


,V '"' - > 

In these equations the prefix 'B' indicates that 
all pivots in system li have been ticcountcd for. 
Combining these results with the relation (3.2) 
w'c also gel 

.V"" - (4.2) 

In crystal field theory we ;uc interested in 
the eneigy dependence of the total system on 
the slate occupied by the single electron in 
system ,‘l. We may iherefore omit all energy 
terms independent of this stale (heneeforth 
denoted o). If the denominators are 
then Itiken to he functions of the B states 
t/u) alone, sevenil subirtictions of consliinl 
terms may be performed (e.g. see Ref. ( l()|) to 
give the following energy contributions up to 
third order: 

iV" = (7->„ 

U%V\U\ID^D,. 

(fi ^ i’ in summations) 

where U,‘ is the quantity defined in Section 2 
and the denominator may be written 


(no summations). 

To first order this is identical with the denomi- 
nator used in our numerical calculations f 1 0). 

In order to compare these results with the 
expressions used for previous numerical cal- 
culations let us write the V terms in feV” 
explicitly as 

V," ~ (o|K|o) C|a) ). 

We notice that here only one cross matrix 
element (/x|C|tt) occurs compared with two in 
equation (4..^) of Ref. [9|. This difference 
ai ises because of the implicit use of V (defined 
in equation l3.8)) rather than V in the previous 
work. Substitution of equation (3.8) into the 
expression given above for leads to a 
partial cancellation of (he denominator so that 
the cross matrix clement missing from 
appears. The numerical importance of these 
terms has been demonstrated (Ref. [lO], Table 
4) and this shows that the present formalism 
(with V) gives a more slowly convergent per- 
turbation senes lhan the transformed scries 
in terms of P. It must be emphasized, however, 
that both series are expressed in terms of the 
same basis slates (defined by H„y. the trans- 
formation merely redistributes the non- 
Hermitian part of V among the different terms 
ol the perturbation series, fhe need to con- 
sider transformations of this type does not 
arise in conventional perturbation theory. 

5. Dl.St’USSlON 

We have developed a perturbation ex- 
pansion for nonorthogonal basis states and 
have shown that it provides a more systematic 
way of obtaining results in crystal field theory 
than any presently available technique. The 
chief merit of the present approach is that all 
expressions may be fully represented by the 
familiar Goldstone diagrams, only two extra 
rules of interpretation being required. 

The formalism has many applications out- 
side crystal field theory; in fact it is relevant 
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to most problems involving electrons in mole- 
cules and crystals where the natural basis 
states are obviously nonorthogonal. Even in 
the theory of electron correlation in single 
atoms it is found necessary, because of con- 
vergence difficulties, to use excited electronic 
states which are nonorthogonal to the 
occupied (Hartree-Fock) ground stales[51. 
This is an interesting case because the 
numerical calculations made by Kelly |4, 5] 
show explicitly that nonorthogonal basis 
states lead to quicker convergence. For small 
atoms the overlap integrals involved are very 
small and may be neglected, so the improved 
convergence is seen to depend only on the 
choice of physically reasonable excited states. 
In the case of larger atoms there w'ill be a 
greater degree of nonorthogonality so that 
the formalism developed in this paper will 
be required. 

The theory given in Section 3 can be 
adapted to the atomic problem by letting 


system A represent the states derived from the 
Hartree-Fock solution and system B the 
states derived from a modified potential F". 
yA — y is taken to be the potential due to a 
single outer shell electron. 

A( knoKledi;emenl\- The aiilhor is graleful to Dr J, S. 
Marsh and Professor K. W, H Stevens for helpful dis- 
cussions 
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HIGH-FREQUENCY BEHAVIOR OF HOT ELECTRONS 
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Abstract- A scmiphenomenological theory is developed for the high-frequency conductivity of polar 
semiconductors in the hot electron region A mean energy relaxation time is calculated from the energy 
loss to polar optical phonons. A mean momentum relaxation lime is obtained from the experimental 
d.c current vs, field characteristic thus accounting for any elastic scattering processes present. By 
this theory, the small-signal conductivity is calculated in dependence on frequency, heating d,c field, 
polarization of the a.c. field, and sample properties. The results are compared with new experimental 
data of n-lnSb at ,35 GHz Good agreement is found, and it is shown that the elastic scattering pro- 
cesses have to be included For n-type GaAs this theory is successfully applied in the low-field region 
where the electron transfer between the valleys is negligible. 1 hree independent methods for the 
determination of the mean momentum relaxation time are used to demonstrate the applicability of this 
concept 


I. INTRODIICTION 

An anisotropic small-signal a.c. conductivity 
is found in semiconductors when a strong d.c. 
electricfield is simultaneously applied to cause 
deviations of the average electron energy from 
thermal equilibrium with the laltice(l. 2). As 
this anisotropy is not due to the complicated 
band structure of elemental semiconductors, 
materials with isotropic effective mass and 
mobility of the carriers exhibit the same effect 
|3-6|. Sufficiently high frequencies of the prob- 
ing a.c. field cau.se pronounced relaxation 
effects and the anisotropic small-signal con- 
ductivity (ASC) does not depend only upon 
the bias field but also upon the frequency. This 
frequency dependence may be used to study 
ihe scattering processes in the hot-electron 
region. Because of the great interest which 
has been paid to technically important polar 
semiconductors exhibiting microwave emis- 
sion, e.g. GaAs and InSb. reliable results for 
the ASC are desirable to estimate important 
parameters of these materials. The (limited) 

I his Work was supported by the Ludwig-Boltzmann- 
'-'■'sdlschaft.Wien. ' 

^ l ehrkiinzel fiir Physikalische Elcktronik, Technische 
‘"s'hschule Wien, Austria. 
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application of the one-valley model even for 
GaAs is justified at fields sufficiently beneath 
threshold because electron transfer to the 
upper valley can be neglected in this region. 

A simple succes.sful approach to the small- 
signal microwave conductivity based upon 
the assumption of a monoenergelic electron 
distribution has been originated by Gibson 
et fl/.17] some years ago. This method has been 
refined by application of transport theory. In 
principle, two ways are practicable: (a) the 
assumption of a test distribution containing 
parameters which are usually determined by 
momentum and energy balance and (b) the 
direct determination of Ihe distribution func- 
tion from the Boltzmann equation. 

For polar semiconductors the first method 
has been applied to the problem of calculating 
the ASC by Das el fr/.[8], assuming a drifted 
Maxwell-Boltzmann distribution with time- 
dependent drift momentum and electron 
temperature. A similar approach of Kopeiz 
and Potzl[9] included the effect of impurity 
scattering. A calculation of the small-signal 
conductivity based upon an exact solution of 
the Boltzmann equation was tried by Conwell 
[10]. However, the simplifications necessary to 
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obtain an analytical solution restrict this work 
to the high energy electrons and do not yield 
a proper account for the whole distribution. 
Therefore, macroscopic quantities as the 
conductivity cannot be derived from these 
results. A Monte-f 'arlo-method calculation of 
the small-signal conductivity parallel to the 
heating field has been carried out by Rees) 1 1 }. 
The disadvantage of this most rigorous 
method, however, is a loss of physical insight 
and the need of huge amounts of computer 
lime and storage place. Huber|l2| has ex- 
tended works by Dykman cl a/. [13) to the 
small-signal high-frequency case, considering 
electron-electron, impurity, and polar optical 
scattering. The integral equation for the sym- 
metric part of the distribution is solved, for 
not too low carrier concentrations! 14] by a 
Maxwell-Bolt/.mann distribution. The rather 
complicated method employed in this work 
does not lead to any substantial improvement 
in agreement between theory and experiment 
as compared to(9|. 

Summari/ing all the existing work on the 
small-signal conductivity seems to indicate 
the following: 

( 1 ) The inclusion of all relevant scattering 
mechanisms for polar semiconductors in a 
calculation of the A,S(’ seems rather cumber- 
some and difficult, and has not been carried 
out so far. 

(2) Rather poor agreement between experi- 
ment and theory for both polar and non-polar 
materials was found so far because of conclu- 
sion ( 1 ). 

(3) Better agreement of ASC data with cal- 
culated results can be obtained if the small- 
signal calculations are based rather on experi- 
mentally than theoretically derived velocity- 
field characteristics, 

(4) The Maxwell-Boltzmann distribution 
for the carriers, shifted in momentum space 
and assuming an effective carrier temperature, 
offers great convenience for theoretical treat- 
ment without concealing any important effect. 
Although not correctly describing the micro- 
scopic aspect of the problem, it is well suited 


for the description of macroscopic quantities 
like d.c. and a.c. current density and con- 
ductivity. The reason is that momentum and 
energy balance equations are the essential 
tools to obtain a macroscopically correct 
description of the hot electron phenomena. 

Therefore, a new semiphenomenological 
theory is suggested by this paper which is very 
well suited to describe the high-frequency 
behavior of polar semiconductors. Concerning 
the scattering processes, only one assumption 
is made: the energy exchange between the 
carriers and the lattice takes place via polar 
optical phonons only. This is reasonable 
because neither ionized impurity scattering nor 
electron-electron collisions contribute to the 
energy balance. Any assumption concerning 
the mechanisms influencing the momentum 
balance is avoided by the use of the experi- 
mentally obtained d.c. characteristic. This 
theory is developed in Section 2. In Section 3 
new detailed experimental data are presented 
and compared with the theory of Section 2 
and some other theoretical approaches. A 
new microwave method for the determination 
of the momentum relaxation time in the 
presence of hot electrons is described in 
Section 4. 


2. THEORY 

In the light of the above discus.sion it seems 
reasonable to use a drifted Maxwell-Boltz- 
mann distribution. The drifted Maxwellian 
/(p) of electrons in momentum space 


,/'(p) 


n 

V27rA-„7’,,(r)^^'‘’’ 


[p-Pk(<)]' 

( 1 ) 


is characterized by two parameters, namely 
the drift momentum and the electron tem- 
perature Te (we retain only the first order 
term in p/.). Dealing with the a.c. conductivity 
both have to be assumed as depending on time. 
The electron density n and the isotropic 
effective mass m* are assumed to be constant. 

Inserting /(p) into the Boltzmann equation 
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B(/)=¥-^’E-VJ+I^) =0, 


dl 


( 2 ) 



4 eF, 

iViTTmHgO <’^"-1 


in which E denotes the electric field and 
{dfl()t}c the collision operator, one obtains the 
equations of momentum and energy balance 
by carrying out the integrals 

J pB(f) d> = o|^S(/)d»p = 0 

over the whole momentum space. These equa- 
tions can be written as 


fli 


-cE- 


Ra_ 


(3) 


dT, 

dt 


2e 

U„m* 


E 


Pr;- 


T.-T, 

xAT.) ' 


(4) 


in which T,, denotes the lattice temperature. 
These balance equations can be regarded as a 
Drude theory generalized to hold for the hot 
electron case. The influence of collisions is 
expressed by characteristic time constants 
T„i.Tj which only depend on the electron 
temperature. They will be denoted as mean 
relaxation times not to be confused with the 
usual relaxation times which depend on p^l 
2m* and hence on the position in momentum 
space. The mean relaxation times are related 
to the whole electron ensemble rather than to 
individual electrons. 

The mean relaxation times can be calculated 
explicitly for the different types of relaxation 
processes as acoustical, optical, piezoelectri- 
cal, polar optical and ionized impurity scatter- 
ing. For polar optical scattering (p.o.) one 
obtains [10] 


J_\ . 2 eF^ 

3'^2TTm*kgO e^»-l 

1 ) K, (l) + (e'«-"s- 1 ) Kp (Ij 


^ 11 ** -Tp __ I 

x„-x. 



( 6 ) 


In these equations Eg denotes the coupling 
field of p.o., 0 means the Debye temperature 
of the p.o. phonons and 


Xu = tilTg,Xp = (tIT,. (7) 


The theory by Das et fl/.[8] is equivalent to 
the balance equations (3) and (4) with the 
mean p.o. relaxation times (5). (6) inserted. 
However, the authors failed to obtain even 
qualitative agreement with experiment. 
Kopetz and Pdtz.l[91 have shown that semi- 
quantitative agreement can be obtained by a 
more realistic choice of the coupling field Eg 
(.‘>20 V/cm instead of 330V/cm) and by ac- 
counting for ionized impurity scattering. 
Mukhopadhyay and Nag[15] recently stated 
that ionized impurity scattering is not essential 
for this improvement. However, it is seen 
from [9] that it does essentially improve the 
d.c. current-field characteristic. Furthermore, 
the results presented in Section 3 indicate the 
importance of impurity scattering for the ASC. 
Thus the conclusion by Mukhopadhyay and 
Nag does not seem to be valid, and impurities 
will be included simply by using the experi- 
mentally obtained d.c. characteristic. This 
allows to check the extended Drude theory' 
without introducing possible errors by neglect 
of additional scattering mechanisms. 

Thus the following procedure is carried out: 
The d.c. electron temperature and the mean 
energy relaxation lime will be calculated from 
p.o. scattering only. Therefore, the electron 
temperature for any point of the steady 
current density (j„) vs. field-strength (£„) 
characteristic is given by (4), which yields 


-T,__ 2 

•.(Tr) 


( 5 ) 


( 8 ) 
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If T, is inserted from (6) the following equa- 
tion for the temperature parameter is 
obtained 


The subscripts i and || mean crossed and 
parallel a.c. and d.c. electric fields, respec- 
tively, and 


I vm* Ji,Eii 
k„(l Icl'nii 



( 9 ) 


A coefficient which characterizes the tem- 
perature dependence of t, is calculated from 


n. 


X, dr, 
T, di,, 


.r,. e' 


-^(.r,. + 3 ) 



tlO) 


The differential conductivity is dy„/d/;,„ the 
mean momentum relaxation time is given by 


accordingiot.f) and a parameter .S' characteriz- 
ing the deviations from Ohm's law is defined 
by 

.V = — (12) 

I jrr 

h d/-.,, 

These quantities are sufficient to derive the 
ASC by a small-signal analysis. As shown in 
the Appendix, the following results are 
obtained 



A 

\+n,iT~T,)IT, 


( 16 ) 


3. RESULTS AND DISCUSSION 

n-lnSh 

New data on high-mobility mlnSb were 
taken at 77°K and .35 GHz to be compared 
with the theoretical approach as outlined in 
Section 2. The zero d.c. field parameters of the 
sample used (III) are given in Table 1 along 
with the respective quantities for another 
sample (II) which was experimentally investi- 
gated ear!ier|6). The experimental set-up and 
procedure to obtain values of the ASC was 
the same as already reported [6, 1 6]. 

Figuies I and 2 show the electron tempera- 
ture I, and the relaxation limes versus electric 
field. Both 7',. and t, have been calculated 
according to .Section 2. 

The experimental d.c, characteristics yield 
T,„ as plotted by solid lines {m* = 0 0 1.32 ttin). 
The data points forr,,, were derived from ASC 
measurements parallel and perpendicular to 
the d.c. field by methods to be discus.sed in 
Section 4. The curves for T,., t,„ and t< were 
employed in our calculations of the ASC. 

Figures 3 and 4 show the real and imaginary 
part of the ASC in comparison with our 
theory and with the theoretical result by 
Mukhopadhyay and NagflS] who neglect 
impurity scattering. At low d.c. field our theory 
is clearly better suited to describe the experi- 
mental results for ir^ which proves that 


= TT~, — ~Tr 
l + (c<jr„,)' 


I -I- (WT„,) 


2 ("WT,, 


( 13 ) 


i-.v“-bwv;(T;-FS7„.) 

= rr,„, ' ( , ^ ^ ^2 ^^,2 _ 25r;7„, + 1 + ] 

25r;-7,„()-5-ba>V;^) 

j ^ J2 + [<^-2St^t„ + 7,/( 1 + 0.^7;^) ] ■ 


( 14 ) 

( 15 ) 
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Table 1. Sample eharactemtics ai 7TK and zero d.c. 
field 


Sample 

Mobility 

Carrier density 

iuT,„ at J5 GHz 

II 

47(),0(K)cmVVvec 

ITx|0'<cm'“ 

0)1.5 

111 

650,000 emW sec 

1 X 10*^ cm"*' 

1-18 


impurity scattering is essential in this region. 
This should become even more pronounced 
for lower-mobility samples. 



l ii! 1. Ftleciron temperature calculated frorr polar optical 
scattering. 



^ ig - Mean relaxation times. Solid curves are for theor- 
'•■'it.il values (r,) and d.c.-mca.sured values (t„) Data 
piMiiis were derived from microvtlive nicasurcment 
Pcipciidicular (sample 11; -(-+-I-. sample III: xxxt and 
'’“li'llel (sample II: (XO, sample III: •••) to the heat- 
ing d.c. held. 


To give insight into the frequency behavior 
of the ASC, Figs. 5, 6 and 8 show our theor- 
etical results (Or and ni. respectively) for 
sample 1 1 at a set of different frequencies. For 
comparison the experimental results are 



--- theory polar optical 
oil experiment 


I — 

° o~lo 60 ' iki tSi 

Fig. t Real p.trl of the ASC of a high-mohility sample 
(sample III) 

included at GHz which have already been 
reported [6]. The essential features of the 
frequency dependence of the ASC apparent 
from Figs. .5 and 6 can be summarized as 
follows; 

(a) .M low frequencies < 1) the small 
slope conductivity (ram is obtained for the 
parallel case and the higher d.c. conductivity 
for the perpendicular case, leading to a pro- 
nounced anisotropy. Both are decreasing with 
increasing electric field. The anisotropy is 
given by (7^= (Tr^il -5)/( 1 +5). 
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II . ■>6 



n-ln Sb (sample IS) 

77'‘K 
36 GHz 

— Iheory 

theory 
polar optical 
\ . experiment 

' perpendicular 

'* ' /■ 


(y^ 


\ 

V 


' V 



03\ 

0!5‘ 

0 

i 

0 



parallel 


lO "’ 60 



1 

•J 

\ymi 

' 90 ' fX ' iSd 



l-ij; 4 I iiiaj;iniir> pail dl' llic AS{ cit a hiph-nuihilily 
s.unpk' ('.ample Mil 

(|i) Al IVoqiiencic's al which rolaxalion 
cil'cets become cU'eclivc (e.g. .^.6 CiM/) the 
decrease with electric field becomes less pio- 
nounced while the anisotropy is only slightly 
rcdticed 

(c) At even higher frequencies <f,,| increases 
in the li'wer field region and the anisotropy is 
reversed there. It slill decreases in the higher 
field region. At 70 CiH/ there is hardly any 
anisotropy and (he conductivities remain 
fairly constant. 

(d) At high enough frequencies both con- 
ductivities increase with electric field and the 
anisotropy is again pronounced but reversed 
everywhere. Thus, e.g. in the frequency range 
of the cyanide laser (891 GH/), the absorp- 
tion for parallel d.c. and a.c. fields must be 
much stronger than for transverse polariza- 
tion of the laser radiation. This anisotropy at 
high frequencies is a consequence of momen- 
tum and energy exchange taking place at about 
the .same rate by p.o. scattering. In this high 
frequency limit we obtain 



f'ljl. -S Real p.irl iil'lht; microwave conduclivily perpendic- 
ular (a) and parallel (h| lo Ihe d.c. field, calculilled for 
sample II Paranictor of the curves is the tiet)uency in 
GH/. 

Of course, the theory is only applicable up lo 
frequencies w < kTJfi, ft being Planck’s con- 
stant divided by In. 

It should be noted that an increase of and 
Tf is equivalent to an increase of frequency. At 
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I ij; (i Anisdii opy 1)1 the real pari ol' the AS( tn ilepcnd- 
ente upon I'lcquency and eleeinc field 



I Id 7, Preliminary data iif the real pail of the ASC al 
63"K in eiinipari'xin with iheiiry, 

lower temperatures therefore, one has to ex- 
pect a behavior similar to that at increased 
frequency. Preliminary data for the real part 
of the ASC al 63°K and 35 GHz are presented 
in Fig, 7. The theoretical curves included are 
calculated as well by our tifeory as by that 
c't Ref. [15], The experimentally observed rise 
in zero field momentum relaxation time at 


63‘’K (wT„, ~ 1-4) over the 77°K value was 
some 30 per cent, while the p.o. mobility 
alone increases almost by a factor 2. This 
great difference is caused by the increasing 
influence of impurity scattering al lower 
temperatures. Consequently, the curves ac- 
cording to[151 neglecting impurity scattering 
lie far off the experimental values. Therefore, 
it must be assumed that the agreement be- 
tween our experiments and the theory by 




Fis 8. Imaginary part of Ihe microwave condiiclivily 
perpendicular (a) and parallel (h) lo the d.c field, calcula- 
ted for sample 1 1 . Piiiamcier of the curves is the frequency 
in GHz. 
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Mukhopadhyay and Nag claimed in [15) is 
accidental. The increase ofo-rii in the lowerfield 
region, shown by the curve of Mukhopadhyay 
and Nag presented in Fig. 5, is also a con- 
sequence of the omission of impurity scatter- 
ing and the corresponding overeslimation 
of T„,. (In Fig. I of Ref. [15) this increase 
is not indicated because of an inaccuracy of 
this figure.) 

The theoretical curves for o, at different 
frequencies (Fig. 8) show (hat it is much less 
sensitive to variations in At high fre- 
quencies the decrease with electric field be- 
comes less pronounced and (he change of sign 
of (fill ceases to take place. Finally both (r,,, and 
tr, approach the isotropic constant value 
-€w„^/w. where w,, denotes the plasma fre- 
quency of the cturiers. Clcaily, there is no 
infiuence of scattering in this limit 

n-(i(iAs 

Quite some inleresl has been paid recently 
to the small-signal microwave conductivity 
of GaAs, mainly because it presents a tool to 
estimate the uppci liequency limit of (iiinn 
effect devicesj 1 1. I7|. Measurements of the 
small-signal microwave conductivity parallel 
to (he d.c. field have been pertormed by 
Vlaardingerbroek cl n/.[l8j at 14(1 GHz up to 
fields of 2-5 kV/cm. In this region no electron 
transfer from the [00(1] valley to the [100) 
valleys takes place. Therefore the one-valley 
approach for the microwave conductivity 
below threshold seems reasonable and re- 
warding. Our calculations done for a zero 
field mobility of 7500 cmVV.sec are shown to- 
gether with results of Ref. [18] in Fig. 9 along 
with calculations by Rees [11). Our theoretical 
curve neatly flows into the experimental 
curve, which starts not before a field strength 
of l-5kV/cm, probably because of experi- 
mental uncertainties at lower fields. Quantita- 
tively. the results of Ref [II] are somewhat 
off in the 1-5 kV/cm region. The conductivity 
plateau which occurs both in experiment and 
in Rees' calculations would occur in our theory 
in a field region above threshold field. This is 


due to the underestimation of hot carriers in a 
Maxwell-Boltzmann distribution. To shift the 
plateau to about 2 '5 k V/cm a zero field mobility 
of 17000 cm'-'/Vsec would have to be assumed 
w'hich. of course, is unrealistically high. Sim- 
ilarly, the conductivity plateau already occurs 
at about F5kV/cm in Ref [11] instead of 
2 kV/cm in experiment, because Rees used 
much higher zero field mobilities (9500 cmV 
Vsec) than did Vlaardingerbroek el al. 
(< 8200cm^/Vsec). Thus the plateau seems 
to be originated by heating effects in the [000] 
valley and not by electron transfer to the [100] 
valleys. 

4. MEAN MOMENTUM REI.AXATION TIME 

A decisive quantity in the calculation of the 
ASG is the mean momentum relaxation time 
as was shown in the two previous sections. 
This relaxation time is an appropriate quantity 
to describe both d.c. and a.c. phenomena. 
I'he dependence of t„, on the electric d.c, field 
was deduced from three different sets of 
measurements to check on this assertion. 

The first - manifest - method is to obtain t,„ 
from the velocity-field characteristic of the 
semiconductor. For the two /t-type InSb 
samples 11 and 1 II.t,„ is calculated from (11) 
and plotted in Fig. 2 (solid lines). This 
method obviously requests the knowledge of 
the density and effective mass of the carriers. 

A second method circumvents this restric- 
tion by determining t,„ from ASC data in case 
of perpendicular a.c. and d.c. fields. This 
method first reported in [5] yields close agree- 
ment with the d.c. -measured t,„ as shown in 
Fig. 2 (II; -R-f-t, HI; xxx). The mean momen- 
tum relaxation time is calculated by the ratio 
of the imaginary and real parts of the conduc- 
tivity; 

(17) 

£0 

However, for reasons of experimental sim- 
plicity the arrangement with parallel a.c. and 
d.c. fields[7, 8, 19,20] seems to be more 
customary than with perpendicular fields. The 
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Fig. 9. Small-signal microwave conductivily of n-GaA.s in direc- 
tion of heating cl c. field near frequency limit off iiinn-effecl devices. 


parallel field configuration is mainly applied to 
high resistivity semiconductors. To extend 
the microwave measurement of t,„ to the 
parallel ease and, last not least, to examine the 
consistency of the ASC data, a new method 
has been developed. In the following (his 
method is described by which the mean 
momentum relaxation time is derived from 
the AS(' data parallel to the heating d.c. 
field. 

Starting from the equations for the parallel 
small-signal conductivity (14) and (l.'i), one 
obtains two linear equations in r' and t,„, 
respectively, 

1 - .S = -wt' (< uT„, ■ R + 1) 

+ R(\+S}~I -oiT,,, (18) 


(!—/?-(-/• (tlT,„ ) — R • WTiii + ( I T S )/, 

(19) 


where S is defined by ( 1 2), and R and / by 


( 20 ) 

f'-iiii 


Elimination of t' yields the pertinent equation 


-/(2-5) + VZ) 
w' 2{RHn 


( 21 ) 


D=-f2(4-4.V + P)-4(/?H/'M 

x[(R’‘+r^)(\+S]+\-S-2R]. (22) 

Note that all quantities controlling are 
accessible to measurement. 

This paraller relaxation time is plotted in 
Fig. 2 as data points (II: 000. Ill: •••). 
Because of the specific structure of (21). 
quantities of approximately the same order of 
magnitude are substracted from each other 
which evidently enhances the effect of experi- 
mental uncertainties. Nevertheless, there 
exists fair agreement with the relaxation time 
values obtained by the first two methods. 
Further, it is an advantage of the new method 
that the quantity D from (22) is sensitive to 
experimental errors. Thus it could be found 
out that values of the parallel a.c. conductivity 
for a sample with high resistivity [5] were 
much too low for d.c. fields above ,SOV/cm. 
Mathematically, this results in a negative value 
of D. W'hich would lead to physically senseless 
complex relaxation times. Thus the method 
reveals experimental errors. The sample 
serves as a cover of a circular hole in a reflec- 
tion-type TE,„.. cavity, cut along lines of 
current flow to suppress unwanted radiation 
121.6], At zero d.c. field the thickness of the 
sample was about three times the penetration 
depth of the electromagnetic wave in the semi- 
conductor. The resonator is well closed. 
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However, the penetration depth increases 
with increasing field until energy radiates 
through the sample and the resonator is not 
closed any more. This loss of energy appears 
as an erroneously low real and imaginary 
part of the conductivity. By this error an 
additional anisotropy has been pretended 
leading to the incorrect conclusion that the 
anisotropy is more pronounced for higher 
mobility ,samples|61. The use of thicker and/or 
lower-resistivity samples (II. Ill) excluded 
this error in later measurements. 

5. CONCLUSIONS 

The new theory developed is very w'ell 
suited to describe the high-frequency behavior 
of polar semiconductors. The inclusion of 
ehistic scattering processes results in substan- 
tial improvement in the agreement with experi- 
ment. especially at low temperatiires and low 
d.c. fields, The anisotropy of the small-signal 
conductivity reverses its sign in ihe high 
frequency limit, hut does not disappear as a 
consequence of the high-rate energy e.xchtmge 
by polar optical scattering. In contrary, the 
contribution of the fiee carriers to the dielec- 
tric constant becomes isotropic and (ield- 
independent in this limit. Although a one-valley 
approximation is made, the theory is applic- 
able to n-(/aAs at fields below threshold for 
(iunn-oscillations where a Monte-C'arlo- 
calcuhition fails to produce quantitative agree- 
ment with experimental results. 

I he new method of determining t,„ from a.c. 
conductivity measurements parallel to the d.c. 
field proves the consistency of the mean 
momentum relaxation time concept. It also 
allows to check the reliability of the results of 
microwave measurements. 
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APPENDIX 

The st.ulmii poim loi ihc calculation of the ASC is the 

b, dance cquaOons of momenUim (1) and encr[!y 14). 

which aic icpcatcd hcic loi completeness' sake 


9p;. 

(It 

rfV_; 

III 


- ce:' 


Pi 


f,, , r;~r, 

E p, ^ 

Ui,in' T, (■/■;) 


(At) 

(A2) 


liiscriing tiine-vaiyin); C|uanli 0 es for diift momentum p), 
elcclnt held E . and election leniperatiire in the lorm 


pi. '^P s + Pm e"" (AD 

E' = E„4 E, ■ e*“' 

7';, - 7,, -I- r„ ■ c*"' 

where 

Pu Pt 

E, < t; 

7,„ T, 
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one obtains two linear equations for pti, E|. and T,.,. when and splitting in real and imaginary parts yields the result 
products of small-signal perturbation are neglected. 


( 1 -f VWTm ) Pei + ^ Pt T,, = -CT^E, 


(A4) 




1 4- (cut, I + (WT,J^ 


|l-Kn,-iii)(7.-ri)/r,][l + (n,+ «i)('f,.-T,);7,li-aiMT,-l-T,„n,(7>T,)/7;] 

<r,ii - iriiu [ I 4 , („, + „,) ( 7 ’,.- 7, )/r,,JH 2rt,r,T„( 7„- r,.)/7',+ T„'[ I + nj 7, - T, UT,]H p/t.'V} 

2)i,t,| 7', - r))/7,-r,„[l + n,,(7, - Til/r.jfl-r (<i,-K|)( 7,- 7, I/T,] -aj^T„,V 


(T/ii = fri„,(u 


(l + («, + /i,)(7'„-7',)/7-, 2«,r,T„,(7',-7,)/7-, + T„'[l+H2tr;-7',J/7j' + (uVr.,-} 


(AMI 


(A 10) 


(All) 


and 

i't.Eii ■ Pt, + ^1 + JiuT, 4 - 113 I 

■ “ I'T^Pe ■ E|. (A5) 

n, IS defmcdty (101, lu similarly by 


III - — 


•r, dr,. 


d.v, 


(At.) 


A simplification for the parallel conductivity can be made 
by considering the low-frequency limit w — * 0. where 
o„, (AlO) becomes (he dift'cienlial conductivity d7„/dE„ 
Then. 

04 , ,1^1 ^ 'ii( 7,- ' /'i)/7 , I ^ 1 1 ) 

I 4_L %L ' t'blf.-T-,)//-, 

<r„„ dt„ 


I wo differenl pairs of scalar equations ,ire tound Irom 
(A4) and (A?) for the two ctiscs of paiallel and perpen- 
dicular a.c and d.c. fields, (rom which f, , may be 
eliminiiled and the complex small-signal conductivity 
defined as 


Or. ■■ ir„ 


o,., ■■■ (u.r,„ 


I - .V- + (u'‘t‘, I rj -( St„ I 


, . Oll’n 


Introducing the iniogral conductivity 

""" ■ //t'" 


(A7) 


(AHI 


(I +5l“ r w'[T;--2.Sr;r,„4 t,„-( I 4 orr^')]' 

IAI3I 

25t,' - T,nt I — S 4 - IU^tP i 

( I (I)-' fr"- - 2i'T'T,„ + T,„"l 1 4-(u'^TpTl 

(AI4) 


by introducing a modified encigy relaxation time 


■' l+n,(T -7,1/7, 


lAIM 
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TIME DEPENDENT PHONON DISTRIBUTION IN 
HOT ELECTRON EXPERIMENTS 

K. BAUMANN, M. KRJECHBAUM 

Instnut fiirlhcoretische Physikdcr Universiliil Graz. Austria 
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Festkiirpcrphysik. Wien, Austria 

[Rirewedi August 1969) 

Ab.stract-In hot electron experiments at low temperature it is essential to lake into account two 
properties of the phonon distribution. ( I ) It is not an equilibnum disiribulion. and (2) it is nut station- 
ary. The latter property may be demonstrated by measuring its influence on the eleelron mobility It is 
shown that the current should increase if impunty scattering is dominant, and decrease if acoustic 
phonon scattering is dominant Both of these effects have been confirmed esperimemally. 


I. INTRODUCTION 

If a strong electric field is applied to a 
semiconductor a stationary state is established 
within a time of the order of the collision time 
of the carriers. This state is characterized by a 
balance between the rate at which the elec- 
trons gain energy from the field, and the rate at 
which they transmit energy to the lattice. 
However, a corresponding balance condition 
is not fulfilled by the lattice, and hence the 
stationarity of this state is only an approxi- 
mative one. For this reason in hot electron 
experiments a strong electric field is applied to 
the semiconductor for a few microseconds 
only. The energy transmitted to the lattice 
during this time is small because the number 
of carriers is extremely small as compared 
with the number of lattice atoms. However, 
even a small energy gain of the lattice has 
important consequences if the total energy 
content of the lattice is also very small. It 
turns out that at liquid helium temperatures 
the change of the lattice energy during one 
microsecond is of the same order of magni- 
tude as the thermal energy of the lattice, 
burlhermore, the relaxation time describing 
the establishment of thermal equilibrium in the 
lattice is large compared with one micro- 


second. Hence the energy gain of the lattice 
cannot be described by an increased lattice 
temperature. Rather, a deviation of the photon 
distribution from equilibrium is produced. 

A theory of the time-dependent phonon 
distribution in semiconductors with a con- 
duction band of standard type was given by 
Paranjape and Paranjape[l]. Baumann, 
Kocevar and KriechbaumlZ] worked out the 
phonon distribution in n-Ge at 4°K 1 ^sec 
after application of a strong voltage pulse. The 
changing state of the lattice acts back on the 
conduction electrons, and the electron mobility 
will change with time. In the present paper we 
report on an experimental and theoretical 
study of the resulting time dependence of the 
electron current. 

2. THEORY 

An analysis of the change of current with 
time leads to formidable numerical integra- 
tions if the many-valley structure of the con- 
duction band of germanium is taken into 
account. Hence we shall base our calculations 
on the standard band model. Apart from this 
simplification, the same assumptions will be 
made as in [2]. 

Thus, all donors (.S x It)'’’ cm '') are assumed 
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to be ionized, Electrons in the conduction 
band have a Maxwellian velocity distribution. 
Electron scattering by long-wave acoustic 
lattice vibrations and by ionized impurities is 
taken into account. In the evaluation of the 
latter the Born approximation is used; accord- 
ing to Blatl's estimates [.■^) this should cause 
practically no error I'or an electron tempera- 
ture of .“itEK or more. The most severe 
deliciency of our analysis is the negligence of 
the many-valley structure, and of electron 
electron scattering. 

In [21 the question of the phonon relaxation 
mechanisms was discussed in detail. The 
conclusion was that practically no phonons 
arc lost during an observation time of the 
order of I fis and a sample dimension of the 
order of I mm, I he phonon scattering 
mechanisms tall of which we shall ignore) 
have the effect of making the phonon distribu- 
tion isotropic and of populating equally the 
various possible polarizalions. We can ignore 
the randomization in direction since in our 
standard band treatment the phonon distribu- 
tion never deviates from isotropy. Our reason 
for ignoring the collisions which transform 
phonons of one polarization into another is the 
following: In ti standard band crystal only 
longitudinal phonons are coupled to the elec- 
trons, Therefore transformation of two thirds 
of the emitted longitudinal phonons into 
transverse ones by suiiace scattering will be 
an important elfect. It will influence strongly 
the time-dependence of the electric current. 
But obviously this is a specific property of the 
standard band model. A much weaker effect is 
to be expected in n-germanium. We are thus 
justified to use the following phonon Boltz- 
mann equation: 

^ = S(£(kTq)-£'(k)-WU/)) 

f)/ 47T^nps J 

x{(A', + l)/(k + q)-/V,/(k)}d^/.. (I) 


E = Hrf + ,^Hu. (2) 


This choice guarantees an optimal agreement 
between the properties of our model and of 
true n-germanium; and Bu are the deforma- 
tion potential constants for volume dilatation 
and uniaxial shear. The mass density of the 
crystal is p, and .v is the longitudinal sound 
velocity. It has been shown in [2] that the 
conditions are such as to justify the approxi- 
mation of the electron distribution by an 
undisplaced Maxwellian distribution: 


m 


NAT,) 


exp 


£(k) 

KT, 


(3) 


where n is the carrier concentration, T, the 
electron temperature, K Boltzmann's constant, 
and 


NAT,.)^-2{27rmKT,lhA'''‘- (4) 

the effective density of states in the conduc- 
tion bund, ('ombining(l) and (3) and perform- 
ing the integration (using Eik) = 
leads to 


<iN, 

fit 


2npsh^N, ( 7;,)i ^ \ KtJ 


-N^ Icxp 


!q mtoV 
2mKj\2 ha) 


(5) 


or 


<V 


Q-PN, 


(6) 


P^{cxp{iimlKT,)~l}Q, 


H'n {2Try>i'W‘ 
2hps {KT,)"'^ 


xexp 


h'^ / q nKaV^j 
2mKTX2 hqj [ 


(7) 


( 8 ) 


Here, a is a deformation potential constant Next we consider the energy balance. The 
which should be chosen as [4] average rate of change of the energy of an 
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electron is 

(f ) = (9) 

The brackets indicate an average over the 
electron distribution. The strength of the 
applied electric field is denoted by T; (i is 
the electron mobility. The second term on the 
right-hand side represents the energy trans- 
ferred to the lattice. Since the deviation from 
stationarity of the electrons is small we put 
the left-hand side equal to zero and get 


if the inelasticity of the scattering is neglected. 
Furthermore, 

A ( £, cos t!» ) = r=^£( 2 - 2 cos t» I 

2p7T^n*s 

X(N,+i). (15) 

The relaxation lime for Rutherford scattering 
has been given by Dingle [5]. He finds 

I _ true' 
r,{E) - (2m) 'V 


Cfih ^ — f Q~PN,} dq. (10) 

2n~ti J„ 


X In (IT^) 


1+f. 


(16) 


The electron mobility is calculated from 


where € is the dielectric constant, and 


e(£T(£)) 

m(£) 


(II) 


In order to minimize the error introduced by 
neglecting the electron mass anisotropy, 
different electron masses should be used in 
E(k) and in /x. In equation (II), the conduc- 
tivity mass is to be used if F||l 100], 

The electron relaxation timeT(£) is given by 

r={(7j' + (r, (12) 


Ti, is the contribution from acoustic lattice 
vibrations, and t, from ionized impurity scat- 
tering. The lattice term is determined from the 
equation 


1 

niE) 


I 


(I -cosT!))A(£cos(>)2Tr sinddt^. 


( 1 .^) 


where t? denotes the electron scattering angle, 
and A2 it siniildr>df the probability for scatter- 
ing by an angle between and tH-b diJ during 
the time interval dr. The wave number q of the 
phonon belonging to scattering by an angle d 
is given by , 


hq= (2mE)'im-2co!i^y>\ (14) 


^ = ^mR'^EIh'^ (17) 

/?2 = 

e^« 

Equations (6), (10) and (11) permit a deter- 
mination of T,,. n and for arbitrary times. 
We have perlbrmed a numerical evaluation 
of these three functions. The results for N are 
shown in Fig. 1. The curves might be com- 



Fig. 1. Phonon numbers al r = 0 >/i,sec and f= 10 
/asec. The eicciron lemperature al / = 0/isec is lalien as 
70''K(a)and l5lTK(b(. 



1)66 


K. BAUMANN, M. )<.RIEC'HBAL/M and H. KAHI.ERT 


pared svilh Fig. 4 of (2]. There is a discrepancy 
in the predicted maximum values of A',. 
However, Fig 2 of |2] shows that the longi- 
tudinal branch is strongly suppressed in the 
(001] direction which has been chosen for 
pre,senlation in Fig. 4 of [2]. fhus the results 
of a many-vailey and of a standard band cal- 
culation do not differ so much on the average. 

The change of conductivity with time is by 
far not as large as one would expect from the 
large increase in phonon number. This is con- 
nected with the fact that Rutherford scattering 
is dominant at 7',, = yO^K whereas it is not at 
l.‘'()'’K. As a consequence, the change of rr 
with time is positive at the smaller electron 
temperature but negative at the bigger one. 
The relative change of the conductivity at 
) - 0 it jascc and at / = 1 /csec is given in 
I able 2. 

lubk' 1. Consmnl.s used in the ciiknlation. 

5 ,/ (indz,, (ire taken jrani Ita el «/.[ 61 . 


/I.*' <Sj;/Lni' w, I '46 A 10 j; - 10 s eV 

t sa • lO’uil/s wi, 7 47 ' 10 "T =„IX7cV 
t 16 142 k /(S'. 10'' cm' 


I able 2. Cak idoted tempera- 
lures and relative change oj 
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or 
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}. EXPERIMENTAL PROCEDURES 
For the measurement of low temperature 
breakdown at 4-2°K two sets of samples from 
two different crystals of n-type germanium 
were used. The first set was taken from a single 
crystal with a net donor concentration of 
5-Ox lO'^cm"-' and a Hall mobility of 3400 
cmVVsec at 300‘’K. Parallelepipeds were cut 
with their long axis parallel to the [100] 
direction. The transverse dimensions of these 


samples were varied between 5-2x7 0mm^ 
and 0-5x2-3mml To this type of .samples 
contacts were made by alloying tin containing 
I per cent antimony. I'he large current con- 
tacts completely covered the end faces of the 
samples. The potential contacts were in the 
form of small tin spheres with a contact area 
of about 0 05-0 01 mm'f These potential con- 
tacts were placed asymmetrically at the side 
faces of the samples as shown in Fig. 2. It 



l ip 2 Sample gcuiiielry iintl pi'Iential distribution 


turned out during the measurements that an 
anomalous potential drop at the cathode may 
occur at this type of current contact, which 
possibly influences the conductivity in the 
bulk material by emission of phonons travel- 
ling into the volume between the potential 
probes. By placing one potential probe 
approximately I cm away from the cathode 
one assures that no phonons have the pos- 
sibility of reaching the area between the 
potential probes within the first microsecond 
of a current pulse, since the longitudinal 
sound velocity in Ge has a value of 5-4 X lO-’ 
cm/sec. 

The other set of samples was taken from a 
single crystal with a net donor concentration 
of 5-2 X 10'-’ cm"'' and a Hall mobility of 2910 
cm'-'/Vsec at 300°K. Oriented .samples were 
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cut with their long axis parallel to the (100] 
and [ 1 1 1 ] direction. The transverse dimensions 
of these samples varied between 0-32 xO- 18 
mm’^ and 0-28 X 0 09 mm*. To the endfaces of 
the samples current contacts were made by 
alloying, in hydrogenic atmosphere, gold con- 
taining a few per cent antimony. 70 pun thick 
platinum wires were soldered to the sidefaces 
of the samples as potential probes. For this 
type of contacts it was proved that up to a 
field strength of about 70 V/cm no marked 
cathode drop was built up as is shown by 
Fig. 2. Nevertheless the potential probe next 
to the cathode was placed far enough away 
from the cathode, that even at the occurance 
of a phonon emission from the cathode there 
would be no influence on the mobility of 
carriers in the region between the potential 
probes within the first microsec after applica- 
tion of the voltage. 

Voltage pulses of 1-3/xsec duration and a 
repetition rate between I and 20 FIz were 
applied to the samples by discharging a .SOft 
coaxial cable of suitable length over a mercury 
welted relay. The field strength was cal- 
culated from the voltage drop between the 
potential probes measured with a differential 
amplifier. The current density was taken from 
the voltage drop across a series resistor small 
compared with the sample resistance. Both 
signals were displayed simultaneously at the 
screen of a dualtrace oscilloscope and photo- 
graphed. or they were picked up by a sampling 
oscilloscope and plotted by a x-y-recorder vs. 
time. 

4. EXPERIMENTAL RE,SULTS 

In Fig, 3 the observed dependence of con- 
ductivity cr on the electric field strength E is 
shown for the two materials under investiga- 
iion. Values of a were calculated from the 
voltage and current traces 100 nsec after the 
beginning of the pulse. Note that for the lower 
curve (a) taken with the material of « = 
.‘'■Ox l()i''cm'“ carriers the* experimental 
points from samples with the smallest cross 
dimension ranging from 5 to 0-5 mm are all on 



E ( v/cm I 


Fig t. Eleclrical conduciinly of //-type germanium with 
« = 5-Ox I0'*cm ■' (curve ti taken from Ref. (7| and 
»i = 5-7 X I0'*cni ■' (curve h) v\ electrical field strength at 
4rK. 

the same curve within the experimental 
error[7]. After the a-E characteristics were 
measured with CP4 polished samples the 
surfaces were sandblasted and characteristics 
measured again. Not the least influence of the 
surface quality on the (t~E characteristic 
was observed. The maximum of conductivity 
with these samples occurs at a field strength of 
about 16 V/cm. For the samples with n = 
5-2 X 10'-’cm~* the breakdown field strength is 
higher and the maximum of the conductivity 
occurs at about 100 V/cm. again followed by 
a region of decreasing conductivity with in- 
creasing field strength. The voltage and cur- 
rent pulses across a sample with « = .‘'•0 X 10'^ 
cm'* are shown in Fig. 4. While the voltage 
across the potential probes (upper trace) 
remains essentially constant during the 2 fisec 
pulse, one observes a marked decrease in 



Fig. 4 Voltage and current vs time at a field strength of 
.rs-: V/cm(n = 5 OX tlT'cm ',[100]) 
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current (lower trace). The di.stance between 
the cathode and the cathode near potential 
probe was 12 min in this case. Thus any 
phonons created at the cathode during the 
2 jLisec pulse should not have influenced the 
mobility between the potential probes. In 
Fable .1 the relative decreases of current and 
therefore of conductivity are summarized for 
some values of field strength well above 
saturation of low temperature breakdown |8). 


Tahlf T Rchnive r/iroige m conduciivity 
Jor L’ur/ou.s iiuticruils and field sireni’lli 
invefitiyaied 
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A typical result obtained with a sample 
cut in 111 II diiection from a crystal with 
ti — yi X It)'-’ cm ■' IS shown in f-ig. .A Again 
the upper trace shows the voltage across the 
potential probes, which decreases slowly. 
This decrease is caused by the properties of 



Eig. .y Voltage and curreni vs. time at a field inlensily of 
IO(»V/cm(n = y2.''IO''cm “.(111]). 


the 3 fisec discharge cable used in this experi- 
ment. The lower trace representing the cur- 
rent pulse decreases faster. By dividing the 
height of the voltage pulse through the height 
of the current pulse at a given time one gets a 
number which is proportional to the resistivity 
of the sample. As the voltage pulse is not com- 
pletely constant one has to lake into account 
during the calculation of the true time depen- 
dence of the conductivity that a depends on E 
as shown in Fig. 3. In consequence the time 
dependence of current, which one would 
measure with a perfectly constant voltage 
pulse should be larger as measured in our case, 
if the field strength applied to the sample 
exceeds the value corresponding to the maxi- 
mum value of Lxmductivity. Current pulses at 
three dift'erent values of field strength with a 
sample cut in (100] direction from the same 
crystal are shown in Fig. fx The voltage pulses 
not shown in this diagram were essentially 
Hal. At the lowest field strength the current 
increases with time. At a higher value of E 
It IS fairly constant with time and at the highest 
field strength shown in Fig. 6 the current 
decreases. 



Eig 6. t'liiTcnl vs lime ;tl Ihrcc dill'crcnl field inlcnsilics 
III -..S 2 /M)'-’ cm MlOOl), 

The relative changes of conductivity within 
the first microsecond at several values of E 
with samples cut parallel to the 1 100] and the 
[III] directions are also summarized in 
Table 3. 
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5. DISCUSSION 

A comparison of the theoretical and experi- 
mental time dependence of conductivity 
shows that qualitative agreement between 
experiment and theory is obtained. However 
the calculations are based on the standard 
band model neglecting the many valley 
structure of the conduction band of germanium 
and also only an electron temperature (Table 
2) rather than the observed field intensity 
(Table 3) is calculated. Nevertheless the ex- 
perimental verification of the theoretical time 
dependence of mobility and the nonexistence 
of any dimensional effect seems to confirm the 
conclusions about the phonon-relaxation 
mechanism pointed out in our previous paper 
! 2 |. 

Con well [91 assumed that the phonons 
emitted by the hot electrons are eliminated as 
soon as they reach the suifacc of the sample. 
On the basis of this assumption, which is in 
contradiction to the well known thermal 
boundary resistance between solids and liquid 
hcliuml 10]. a marked dependence of electric 
conductivity on sample dimensions was to be 
expected. Since we did not observe any 
dimensional effects we conclude that the 
phonons are nearly totally reflected at the 
germanium-helium interface. This conclusion 
is also satisfactory from the point of view of 
elasticity theory. 

The observation of dimensional dependence 
of conductivity in agreement with Conwell's 
theory was reported by Zylbersztejn and 
Conwelllll). We suspect that these effects 
will disappear if proper care is taken to elimi- 
nate effects of a cathode fall etc. from the 
cxpeiiment. A true dimensional eflect as 
postulated by Conwell must necessarily be 


zero at the beginning of the voltage pulse and 
reach its maximum value at a time of the order 
of L/s (= I /asec for L = 5 mm). Zylbersztejn, 
however, observed dimension-dependent but 
time-independent currents [12]. Zylbersztejn 
argued that Conwell's view of phonon 
boundary scattering is also supported by 
another experiment performed by him [13]. It 
would be interesting to repeat this experiment 
in order to find out if the results are compatible 
with diffuse boundary scattering of the 
phonons. 

have profited from discussions 
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f onds /iir Eordenmg der wissenschafllichcn Eorschung. 
Vienna, and to the Ludwig Boltzmann (icsellsehaft. 
Vienna, for financial support The numerical calculations 
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ETUDE PAR RAYONS X ET NEUTRONS DE LA 
SERIE ISOMORPHE ATiTOs 
(A = Cr,Mn,Fe, T = TERRES RARES) 

G. BGISSON 

Centre deludes Nucleaires. Cedex 8.5, 38-Grenohle-Gare, France 
(Reieived \5July 1969) 

R6sume-I,es composes ATiTOj sont isomorphes a Mn-^HoOi pour les Icrres rates de la premiere 
serie dont le rayon ionique r(T) esi compris enlre r(Pr) et r(Gd). Dans les preparations celte structure 
est en competition avec cedes du type pyrochlore et pcrovskite de formule respective TljT,0, el 
ATO;,. Un des buts de cette etude fut de determiner dans ATiTO, la distribution des ions A™' et Ti“ 
stir les deux sites possibles, dont I’un possede un environnemeni octacdnque en oxygene el I'autre 
un environnement de cinq oxvgenes disposes au sommet d'une pyramideabase carrec Unc etude par 
diflraclion de neutron sur CrTiNdOj ct FeTiNdO, a monlrc quo 9Wc du Cr’’ et .WCF du Fe^’ vont 
respeciivement sur le site ociaedrique. Ce comportemeni s'explique facilement par des considera- 
tions de champ cristallin. Dans C'rTiNdO,, a I3°K Cr’* cl Nd’* s’ordonnent magnetiquemenl en 
meme temps pour donner naissance it une structure non colineaire oit les moments de Nd sont dans 
le plan Xy (-(-Gx-Ay) atnsi que les moments de 5'? d’atome de Cr’* sur le site pyramide a base carree 
(-(-Ay) mais les 95% des moments des atomes de Cr" sur le site ociaedrique sont suivant z (+Az). 
couples dans une meme representation, Le groupe de Shubnikov est Pbam‘. Dans FeTiNdOj, Nd 
n'est pas ordonne et les moments magnetiqucs de Fe sont dans le plan A")' avec une configuration non 
colineaire CxFy sur les deux sites, l.e groupe de Shubnikov est am'. La direction des moments 
dc Nd" dans C rTiNdO, et de Fe" dans FeTiNdO, fait un angle voisin de 12" avec I'axe des V. On 
ne peui expliqucr la direction des moments dans CrTiNdOj que par couplage anisotrope anlisyme- 
trique. Nous n'avons pas observe d'ordre magnelique pour MnTiNdOs a 1 -S'K 

Abstract-The compounds ATiTOj are isomorphous with HoMn.jOj when the rare earth ionic radius 
IS intermediate between that of Gd and Pr. Pyrochlore ( r,,Ti 207 ) and perowskite (ATO,i) structures 
are found simultaneously. A purpo.se of this study was to investigate the dislnbution of A’’ and Ti’^ 
m ATiTO, over the two different available sites having an octahedral and square pyramid oxygen 
environment. A neutron diffraction study of Nd compounds has shown that A’* occupation of the 
octahedral site was 95% and 57% when A" is Cr'* and Fe" respectively. This is easily interpreted 
using crystal field theory. In CrTiNdO., both Cr and Nd spins become ordered below 13°K Nd" 
spins lie in the AF plane (-(-Ox-.Ayl. fV* ions in octahedral sites (9.5%) have spins along the ; axis 
(FAz) while the remaining Cr’* ions square pyramid sites (5%) have spins in the AF plane (FAy). 
•Shubnikov group is Pham' In FeTiNdOj, Nd" spins arc not ordered at l-.^'K Fe" spins lie in A'F 
plane with a CxFy configuration for both sites. Shubnikov group is P,rli’ am'. For these two com- 
pounds the spin direction in the AF plane makes an angle of approximately 12“ with the F axis In 
CrTiNdO., the spin direction can be explained only by assuming anisotropiic exchange. No magnetic 
ordering was observed for MnTiNdO,. 


Un nouveau compose de formule TMhiOs 
avec T = terre rare, a ete decrit pour la 
premiere fois en 1964[1,2]. Ce compose 
elait caracterise par la coexistence de Mn'’'^ 
et de Mn'*^ en proportion stoechiometrique 
dans la structure. 

L'etude cristalline revelail que ces atomes 
de Mn etaient disposes sur deux sites dis- 
tincts, dont I’environnement etait octaedrique 


pour I'un, et de 5 oxygenes disposes au sommet 
d’une pyramide a base carree pour I'autre 
(Fig. 1). 

La structure magnetique du compose 
isomorphe BiMnaOJS] demontrait la com- 
plexite des interactions magnetiques et 
permettait de preciser la place des Mn*"^ 
et Mn^+ sur les deux sites correspon- 
dants. 
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Noth nous pioposons duns cc memoire' 
dc lane rcludc pai layons X cl par Nculruns 
des proprictcs chimiques et physiques des 
composes AlilO., isomorphes a MnTO-, 
(A " ('r, Mn, he) ( I - lerresrarcs) 

1. DOMAINU DK STABII UK 
l.e melange des oxydes de A" (Cr,0.„ 
Fc.O;,, FeX);, oLi Mn-,C):i) avec liO,. et 
en proportion stocchiometriquc est finemeni 
broye el porte au (our pendant 48 hr a tem- 
perature fixe. 

l.a poudre est anatysee par rayons X. l.a Fig. 
2 resume ies resultats des produils obtenus 
en fonclion des ditFerentes terres rares et de 
la temperature. Nous obtenons Ies composes 
isomorphes de formule ATiTO.-, avec Ies 
terres rares dont le rayon ionique est compris 
entre celui de Pr et de Gd inclus, dan.s des 
domaines de temperatures variables .suivant 
le cation A-'^ mais en moyenne entre 1000° 
et 1.100°C. Ces composes isomorphes a 


MnFrO;, ,sonl cn competition avec deux autres 
structures, pyrochlore el perovskile de for- 
mules respectives T.jri ..07 et TAOj. 

On pent remarquer sur la Fig. 2 que pour 
Ies terres rares de petits rayons ioniques, 
cost la structure pyrochlore qui est la plus 
stable, la limite de formation dependant a la 
fois de la temperature et du cation A'‘^. 
Pour les terres rares de grands rayons ioni- 
ques e'est la structure perovskite qui est la 
plus stable. 

II est difficile d'obtenir des produits purs 
et il existe toujours un melange entre ces 
trois structures et ies produits de depart, 
("est entre 1200° et 1300° que nous avons 
prepare les composes les plus purs en recuisant 
et rebroyant le melange des oxydes pendant 
plu.sieurs jours. Les composes ATiTOj 
etant formes, ils se decomposent au point 
de fusion en donnant lieu soit a la perovskite 
soit au pyrochlore. 

Nous avons cherche h obtenir les composes 
isomorphes avec d’autres cations A''L Nos 
resultats n’ont pas ete concluants avec A^^ 


*The'>e .MO.V 
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1 i'k. 2. Oiugrammc'. dc phase AT)-,-Ti(),-T;0, cn I'onelion dc la 
lempcratiJie. 


- (ia. Al, Ti, Co. Rh. Nous avons d'auire 
pari cssaye de remplacer le par 
tl 7.r*^ sans obtenir les produits isomorphes 
therchCs. 

2 DONNEES CRISTALLOURAPHIQUES PAR Rx 

Nous avons indexe les cliches de poudre 
de ruyon X sur chambre de 360 mm avee la 
longueur d’onde du chrome. La maillc est 
orthorombique. l.es groupes d’espaces pos- 
sibles sont Pbam ou Pba2 ce qui confirme 
I isormophie avec TlVln.iOr,. 

Le Tableau 1 donne la valrtirdes parametres 
pour les differentes terres rates et pour les 
differenis cations ' . Le Tableau 2 resume 


I’indexation d’un cliche de pimdre pour 
la longueur d’onde du Cr. 

3. ETUDE PAR DIFFRACTION NEUTRONIOliE 

L’etude de la structure aux Rx aurait 
certainement permis de situer avec precision 
la place de la terre rare ainsi que celle des 
cations de transition 3r/. mais les facteurs de 
diffusion des cations A’^ et Ti^+ dant voisins. 
il ne nous aurait pas ete possible de differen- 
cier sur les sites correspondani s. 

Par contre. avec les neutrons, la longueur 
de Fermi b(Ti) elant negative, et celle />(Fe) 
et h{CT) positive nous pouvons prevoir qu’il 
sera facile de deteiminer la position res- 
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Tableau 1. Parametres des mailles orthorhombiques de 
ATiTO, 


(r 


He 


Mn 



h 

h 

c 

<1 

h 

( 

a 

h 

( 

I'l 

7..‘:8 

8.68 

S.8I 

7..S7 

8.72 

5.855 


8.72 

5.85 

Nd 

7..% 

8.67 

.S.8() 

7,.‘>4 

8.71 

5.85 

7,55 

8,69 

5.82 

Sm 

7..‘i0 

8.62 

S.79 

7.50 

8.69 

5.8.( 

7.49 

8,65 

5.81 

Hu 

7,47.S 

8.60 

.S.7X5 

7.47 

8.67 

5.825 

7.46 

8,60 

5,805 

(id 

7,4,'i 

8. .SO 

S.785 

7.45 

8.65 

5.82 

7.4,5 

8, .56 

5.795 


pective de ces cations. Quant aiix ions 
d'oxygene il est hien connu que b((i) est 
suffisamment grand pour permetlre leur 
positionnement. A basse temperature, nous 
avons d’autre part la contribution du a 
I’ordre des atomes magnetiques; par ieurs 
moments magnetiques nous pourrons ainsi 
confirmer les parametres des sites dans 
lesquels ils se placent et determiner la 
structure magnetique du compose. 

1, CrTiNdO, 

l.a big. 3 represente les diagrammes de 
neutrons a la longueur d'onde A = I,!06A 
enregistres a la temperature ambiante et 
a 4.2'’K. 

Affincment de la MriteUire crislalline. II est 
difficile d’affiner avec precision la structure 
en considerant le faible nombre de raies 
nucleaires non multiples par rapport au grand 
nombre de parametres qui-interviennenl. 
D'autre part nous ne connaisson pas le 
pourcentage de Cr ou de Ti sur les 2 sites 
4h et 4/ (voir le Tableau 3 pour les differents 
sites ou ils peuvent se trouver); nous devons 
done iniroduire une variable supplementaire 
qui fixe la distribution de ces cations. 

Pour affiner la structure nous avons employe 
un programme specialement ecrit pour les 
raies multiples par BASSl du CEN/G. 
Nous I’avons utilise en introduisant succes- 
sivement diflferents pourcentages de Cr sur 
le site 4h ou son complement sur le site 4/. 
Par iterations nous n’avons observe une 
convergence des valeurs que pour des pour- 


centages compris entre 0 et 6% de Cr^^ sur 
le site 4/i. Le residu cristallographique le 
plus bas correspond a 0% de Cr'*^ sur le 
site 4h et 100 pour cent sur le site 4f. Cepen- 
dant lecalcul montre certainesincompatibilites 
des distances interatomiques en particulier sur 
les sites 4fet4h. Les distances interatomiques 
les plus vraisemblables, correspondent a un 
affinement avec 5% de Cr''* et 95% de Ti'’’* 
sur le site 4/i et 95% de Cr'* et 5% de Ti^* 
sur le site 4f. 

Le Tableau 3 donne le resultat de cet 
affinement. 

Structure magnetique. Par mesure magneti- 
que nous observons a 1 3“K un point de transi- 
tion qui correspond a un ordre magnetique 
cooperatif du Cr et de la terre rare. La transi- 
tion correspondant a I'ordre du Cr seui n'est 
pas appreciable. Pour observer I’ordre du 
Cr seul nous avons du operer en diffraction 
neutronique a plus haute temperature, dans 
un vase a temperature variable. Le diagramme 
obtenu a 30'’K est sensiblement identique 
it celui correspondant a la temperature 
ambiante, aux impuretes pres, qui sont CrgO.i 
et NdCrOj ordonnes magnetiquement a ces 
temperatures et representes sur la Fig. 3 

Nous en deduisons qu'a 30°K le Cr'"^ 
n’est pas ordonne. Le diagramme a 4.2°K 
qui correspond a I'ordre du Cr et de la terre 
rare, permet d’observer des intensites mag- 
netiques qui s’indexent dans la maille cristal- 
line. done k = 000. 

Theorie macrosvopique de Bertaut. Les 
cations en position 4g sont numerolfc de 
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Tableau 2. Indexation d'un cliche de poudre de FeTiSmOj 
(XCR) 


Sin' ffobs 

Sin' ftcalc 

Sin' flobs. 

Sin' Ocalt 

HKL (XIO-*) 

(X 10-') 

HKL (xIO*) 

(X 10-*) 

001 1 

301 

386 

251 

5670 

5663 

110 J 

407 

510 

0014 

6005 

III 

802 

793 

152 

6133 

6121 

120 

940 

928 

323 

6273 

6268 

021 

1092 

1081 

350 

6462 

6443 

210 

1117 

1107 

143 

6487 

201 1 

1325 

1 

1319 

440 


6512 

121 J 

1314 

520 

6512 

6526 

211 

1502 

1493 

100 


6488 

002 

1552 

1544 

061 

6061 

6041 

220 

1038 

1028 

432 

' 6848 

1 

6840 

no 

1800 

1797 

351 

6829 

112 

I960 

1951 

441 

j 0918 

6898 

221 

2029 

2014 

521 

0912 

131 

2197 

2183 

333 

7141 

71.37 

310 

2251 

2272 

403 

7219 

7206 

022 

2239 

062 

7810 

7799 

230 

2485 

2497 




202 

2477 

423 

7907 

7901 

311 

2604 

2659 

134 

7974 

7973 

212 

2650 

442 

8005 

8050 

140 

3030 

3013 

300 ' 

1 8359 

8354 

222 1 

1 3188 

3172 

.343 ; 

8353 

321 J 

3180 

451 

1 8451 

8462 

132 

3347 

3341 

314 

8449 

141 

3414 

3399 

.540 

8625 

8611 

003 

3480 

3474 

no 

8756 

8740 

33(1 

3672 

3603 

433 J 

8770 

400 

3740 

3732 

532 

8943 

8939 

113 

3884 

3881 

611 

8957 

331 i 

1 4050 

4049 

,541 

9001 

8997 

232 ' 

4041 

144 

9189 

9189 

401 

4128 

4118 

270 

9454 

9440 

042 

4334 

4324 

003 

9732 

9729 

123 

4412 

4402 

271 

9836 

9832 

150 

4582 

4577 

334 

9839 

332 

5214 

5207 1 

404 

9903 

9908 

402 

5284 

5276 ' 

302 

9898 

412 

5402 

5450 





1 a 4 ainsi que ceux en position 4A; ceux en cristallographique (et magnetique). du cristal. 
position 4/de 5 a 8 Les modes magnetiques compatibles avec la 


XYO -I- XY0,5 0,5 0Z-5 

XYO -2- XY0,5 0,5 0Z-6 

0,5-X,0,5 + Y.O-3-0,5-X,0.5 + Y.0.5 0 0.5Z-7 
0,5 + X, 8,5 - Y, 0 - 4 - 0,5 + X. 0.5 - Y, 0,5 0 0.5 Z - 8 


L’energie est invariante dans le groupe symetrie du cristal soni vecteurs de base 




F.g 3 
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Tableau 3, Parametres cristalUns de 
CrTiNdOs 


X Y 7. Pham 


Nd 0,142 0,172 0,0 4« 

5%Cr95%Ti 0,124 -0,134 0,5 4/r 

959',Cr5%Ti 0,0 0.5 0,252 4> 

0 0,111 -0,285 0,260 8/ 

0 0,186 0,4,33 0,0 4*' 

0 0,156 0,444 0,5 4/i 

0 0,0 0,0 0.300 Ae 


des representations du groupe. Une meihode 
pour trouver les vecteurs de ba.se est celle 
de I’operateur de projection, connaissant 
les representations irreductibles du groupe. 
l.orsque k = 0, il suffitd'utiliserles representa- 
tions du groupe ponctuel m mm. l.e Tableau 
4 donne la transformation des spins sur 
I’action de.s operateurs de symetrie. Le 
lableau 5 donne les modes compatibles 
suivant les 8 representations correspondanl 


Tableau 4, Transformations des spins par 
les operateurs de symetrie. 


<' 2,.t 

2i,'' 

2z 

1 

I2,x 

i2,v 

T2r 

.S,.i + .S|.r 

-.S„r 

-V 

-r .S-v 

+ S,.t 

- s,.> 

-S,., 

,ViV -S|V 


- 

4 S^V 

-S,,v 

■+ S^v 

- S,,v 

S,: -S,: 

-s,: 

+ Ss: 

+ SjC 

-s,? 

-S,: 

+ S,: 

SvV + S^r 

-s«.t 


+ N.i: 

+ v 

'S,y 

- V 

S-,,v - S,v 



+ .S«v' 

-StV 

f SvV 

- .S<V 


-S,z 

-t-.SiJ 


-SrC 

■“StC 

+ S„z 


Tableau 5. Representations irreduc- 
libles du groupe Pham pour k = 000 
etk = m 



Si'e 

4g el 4/i 

Site 4/' 

4 = 000 
Groupes de 
Shubnikov 

r, 


Cz 

C7. 


Pbam 

I'i 

Cx 

Fy 

Cx 

Fy 

Pb'am’ 

I 8 

Fx 

Cy 

Fx 

Cy 

Pba'm' 

1, 


Fz 

F? 


Pb'a'm 

U 

Ax 

Gy 

Gz 


Pb'a'm' 

1« 


Gz 

Ax 

Oy 

Pb'am 

1', 


Az 

Gx 

Ay 

Pba'm 

1 R 

Gx 

Ay 

Az 


Pbam' 


a P 222 X 1 . Les lettre F G C A correspondent 
aux arrangements bien connus des spins. 

F = S, + S 2 -I-S..,-)-S 4 C = S|+S 2 -S 3 -S 4 
0 = 8,-82-1-82-84 A = 8,-82-83 + 84 

II en e.sl de meme pour5,„ 5,„ 5?, Sh 
C onfigurations magnetiques observers. 
Lorsque I’energie est d’ordre deux dans les 
spins les modes couples doivent appartenir 
a une meme representation irreductible. 

La seule structure compatible avec les 
intensites observees correspond a la represen- 
tation IV En effet nous expliqoons les 
intensites magnetiques observees. en admet- 
tant I’existence des modes +Gx el -Fy sur 
les sites 4g (Nd’^) et Ay sur le site ih {S% 
Cr*^) et + Az sur le site 4/ (95% de Cr). Les 
moments magnetiques font un angle de 12 
avec I’axe des y pour le site 4g; ils sent suivant 
y pour le site 4li et suivant z sur le site 4/. 

l,a Fig. 4 represente la direction des 
moments magnetiques sur les differents sites. 



Fig. 4. Slruclurc magnelique dc ( r 1 iNdO, 


Le Tableau 6 donne la correspondance 
entre lobs, et I theorique pour les diiferentes 
reflexions. 

Nous avons pris les valeurs du facteur de 
forme / de Nd de[4! et pour Cr'" de[51. 
Nous devons remarquer que la decroissance 
des facteurs / des references citees ci-dessus 
n'est pas assez prononcee pui.sque les 
intensites theoriques restent systematique- 
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ment plus elevees aux grands angles que 
celles observees. 

La precision sur le site a 5% de Cr'+ est 
insuffisante pour pouvoir preciser I'angle 
des spins avec I'axe des v. 

2. FeTiNdOr, 

La Fig. 5 represenie Jes diagrammes 
obtenus par diffraction neulronique (A = 1,106 
A) a la temperature ambiante et a 1 ,5‘’K. 

Affini'ment de la struclure cristidUne. Le 
probieme est identique a celui du produit 
CrTiNdOv Nous n’avons que peu de raies de 
diffraction, un grand nombre de paramelres 
a affiner, et le pourcenlage de Fe''* sur le 
site 4/i et 4/n’est pas connu. Par affinemenis 
successifs, en faisanl varier le pourcenlage 
de Fe sur le site 4li. nous avons observe une 

Tableau 6. Intensiies 
magnetiques ohser- 
eet'.v et euieulees pour 
CrTiNdO.. 



1 cul. 

1 oils 

m 

IK) 

1 

28 

(120 

4 

0 

on 

VM 

V1.1 

nil 

97 

99 

III 

7N,f) 

71 

12(1 

200 

12.1.1 

1,10 

021 

2U) 

1,1 

i 

21 

121 

201 J 

.120 

1 

292 

211 

118 

99 

002 

(1 

0 

220 

46.4 

17 

012 

179.6 

146 

1.10 1 
102 J 

21 

1.1 

221 , 



031 

220.4 

180 

112 J 




/?=I0.5%: /tNd = 2,89 
/aH ± 0,15. ^Cr — 2,95 
±0.15. 


convergence des valeurs pour des pour- 
centages de Fe compris entre 48 et 40 pour 
cent. 

Les distances interatomiques les plus 
vraisem-blables correspondent a 43% de 
FV^ oil 57% de sur le site 4h, et 57% 
de FV^ ou 43% de Ti** sur le site 4f. 

Le Tableau 7 resume le resultat de cet 
aflfinement. 


Tableau 1. Parametres crist al- 
lins de FeTINdO, 



X 

1' 

Z 

Pham 

Nd 

0.116 

0.184 0.0 


4Wt-c"17CJ.IV 

- 0,088 

-0.1.16 0.5 

4/i 

.17751c’'4W.Ti" 

0,0 

0.1 

0,218 

4/ 

0 

0.107 

-0,296 0.247 

Hi 

0 

0.206 

0,429 0.0 

4f.' 

0 

0.179 

0.404 0.1 

4h 

0 

0,0 

0.0 

0.285 

4(- 


SUueiure muf’ncdique. Le diagramme a 
1 .5''K s'indexc en doublant la maillc cristalline 
suivant ('. Le vecteur de propagation est 
donck= (00 1). 

Theorie Macroscopiqiie de Beriaui. Les 
cations sont numerotes de I a 4 dans la 
position 4h et dc 5 a 8 dans la position 4f 
commc pour CrTiNdfX,. 

On cmploie la meme methode que pre- 
cedemment, c'est a dire celle de I’operateur 
dc projection, mais il faut trouver les repre- 
sentations irreductibles correspondant au 
vecteur A = Ofli On emploie alors la methode 
d’Olbrychski. qui etudie les relations entre 
elements generateurs 

2u=(2,|ii0) (2,J^= (€|I00) 

2,„ = (2JH0) (2,,)^ = (e|0I0) 

I =(l|000) (1)^ =(€|000) 


2,.2,„= (e|110)2,„2,^ 

2,J =(€|110)1_2„ 

2„1 =( 6 | 110)1 2 ,„ 

ce qui donne les relations suivantes entre 
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neutronique de he TiNdO, IX 
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matrices representatives pour ^ = 00 0,5 

(D(2„))'^ = +l (D{2,.,)P = + I 

(D(T)I^ = +I 

n(2,jD(2,„) = D(2JD(2„) 
D(2,jD(Jl=n(TlD(2,,,l 
D(2,„)D(J) = /)(JlD(2,J 

Ces matrices commuteni, done Ics repre- 
sentations irrcductibles sent de dimension I 
et comme il y a S elements dans le groupe 
ponctuel, it y aura 8 reprcvsenlations irre- 
ductihles. C'eci etait previsibic, car il n'y a 
pas delement generateur de translation 
suivant c. Par la methodc dc I’operateur de 
projection on obtient ainsi les memes modes 
compatibles que dans le cas de CrTiNdOr, 
(Tableau 5). 

('(inJifiKnilions maniivtiqucs observees. 
La setile structure compatible avec les in- 
tensites observees correspond a la representa- 
tion 12 (Tableau 5) Te groupe de Shtibnikov 
est /V b am’. Nous expliquons les inten- 
sites magnetiques observees, en admettant 
I'exislence des modes -Cx + Ky sur le site 
All (4V/r de Te), el -fCx~Fy sur le site 
4/ (579) Fe). La faiblessc des intensites 
observees ne nous permel pas de trancher 
entre ces modes et - Cx -T Fy sur 4/i et 
— Cx-TFy sur 4/. Les moments magne- 
tiques sur les 2 sites font un angle de 1.5° avec 
i'axe des y. 

La Fig. 6 represente la direction des 
moments sur les diflerents sites. Le Tableau 
8 donne la correspondance entre 1 obs. et 
I calculees. 

Nous avons pris Ics valeurs de / pour le 
fer, de[6]. 

3. MnTiNdCh 

Pour ce compose Tetude est difFerente, en 
effet les /i(Mn) et b(Ti) sont negatifs et de 
valeurs identiques. II sera done impossible 
de les distinguer par affinement sur les inten- 
sites nucleaires. 




1 ig ft Projection de la sln.icUiiemagneliquede be T'iNdOs 
(la maille double suivant c). 


li reste uniquement la determination de la 
.structure magnelique. Or le diagramme de 
Diffraction Neutronique a L5°K est identique 
a celui obtenu a temperature ambiante. Les 
Mn’^ ne sont pas encore ordonnes magnetique- 
ment. 
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Tableau 8. Intensity magnel- 
iques, observees et calculees 
pour FeTiNdO., 


Hkh 

I cal, 1 

1 obs 

1 calj 

001 

0 

0 

0 

Oil 

0,3 

I’l 

5,4 

101 

2,3 

0 

111 

87 

87 

87 

021 

5,6 

0 

5.6 

00.1 

55,6 

55.1 

55.6 

201 

5,2 ^ 

lisf 

5,2 

121 

7,7 1 

I'l 

1,7 

01.1 

4.6 

0 

0 

101 

0 

0 

5 

211 

18,5 

24 

30,6 

111 

12.1 

15 

12.1 

023 

4.9 

0 

4,9 

031 

5 

(1 

0 

221 

18.9 

23 

18,9 

203 

41.9 1 

44^ 

41,9 

123 

6.9 J 

8,3 

131 

(1 

0 

0 

213 

24 

26 

16.5 

.301 

0 


0 

311 

24,9 30 

24,9 


S(cin = 0,9.15 (theoriquc): R, = 150?., 
R, - 180 ?., 


4, DISCUSSIONS 

Environmeru cles ulomes de transition id 
La structure possMant deux sites differents, 
I’un octaedrique I’autre "pyramide a base 
carree” est as.sez exceplionnelle pour que 
I on se demande quels sites vont choisir 
les differents cations. 

Basolo et Pearson (7) donnent les valeurs 
Iheoriques des niveaux d’energie des orbitales 
d dans des champs cristailins de dilferentes 


symetries en particulier pour un octaedre, 
une pyramide a base carree et un tetraedre 
(Tableau 9). 

Ces calculs ont ete faits par la methode du 
champ cristallin, en assimilant les ligands a 
des charges ponctuelles et pour des symetries 
ideales que nous n'observons que tres rare- 
ment dans les composes, 

D’apres ce tableau on peut calculer 
I’energie de stabilisation due a Taction du 
champ cristallin sur les electrons 3d. Cette 
energie depend de la symetrie et du nombre 
des electrons 3d. done variera pour les dif- 
ferents cations (Tableau 10). 

Ti'*^ ne possede aucun electron 3d et 
Tencrgie de stabilisation sera done nulle pour 
n’imporle quelle symetrie. Seules inlervien- 
nent alors les hybridations d’orbitales s, p. d, 
la covalence et la faille des rayons ioniques. 
Done, theoriquement, Ti’*^ peut aller sur 
n’imporle quel des deux sites. L’experience 
montre qu’il va dans un octaedre (structure 
perovskite) mais aussi sur des sites bipyram- 
ides a base iriangulaire (8) comme I’energie 
de slabili.sation est sensiblemenl la meme pour 
une bipyramide et une pyramide a base carree 
nous pouvons done penser une dans les com- 
poses ATiTOj, la position du TT"* sur les 2 
sites est indifferente. et il pourra done aussi 
bien se Irouver dans la site octaedrique que 
dans le site pyramide a base carree. C'est 
ce que nous observons dans nos differents 
composes. 

Si nous considerons maintenant Cr‘\ nous 
pouvons observer de la meme facon qu'il 
est peu probable de le trouver dans un 


Tableau 9. Niveaux d'energie des orbitales d dans des 
ehamps cristailins de diff&entes synudries id'apres 
Basolo el Pearson) 

dr“-v’ dv' dr.v dr: d\': 


Pyramide a hasc 

carree » 9,14<iq O.HAdq — 0,86(/q —i.STJcj -A.STdq 

Octaedre (iJq (idq -4dq -Attq -Adq 

Titraedre -l.tPdq ~2.(P dq l.78dq \ ndq 
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Tableau 10. Ener^ie de stahilisatkm du champ 
cristallin pour differents cations- 



Or" 

Mn" 

Fe" 

Ti" 

Ocliiidre 

~i2 lii/ 

fi lii/ 

0 

0 

Telraedre 
Pyramide a base 


- 

(1 

0 

carrce 



(1 

0 


telraedre, puisqu'il perd 8,44Dq par rapport 
a I’octaedre, de meme dans notre cas, Cr'^ 
aura tendance a rester sur le site octaedrique 
plutot que sur le site "pyramide a base 
carrce”. puisqu'il perd alors 2Dq d’energie. 
C'est ce que nous observons, mais alors que 
Ton ne connail pas de Cr'* sur un site tctra- 
edrique, nous en observons ,‘i pour cent sur le 
site ‘'pyramide a base carree", ce qui peut 
s’expliquer par la t'aible difference de stabilisa- 
tion. 

En ce qui concerne Fe", les energies de 
stabilisation sont identiques pour tous les 
sites, et nous pouvons en tirer les memes 
conclusions que pour Ti''. C’est ce que nous 
observons puisqu’il y a pratiquement equi- 
partition du Fe'” sur les 2 sites. II faut cepend- 
ant remarquer une legere preference du Fe'** 
pour le site octaedrique (57%), qui ne peut 
pas s’expliquer par une difference de rayon 
ionique, ceux du Fe^* et Ti*^ etant sensible- 
ment identiques ou bien Fc" preferait done 
I'environnement octaedrique, ou bien Ti^* 
le site “pyramide a base carree". 

Quant a IVIn''*, theoriquemenl il preferera 
nettement le site pyramide a base carree 
(gain de 3,14 Dq par rapport a I’octaedre). 
Nous n’avons pu le verifier sur les composes 
avec Ti, mais nous avons observe que sur 
le compose isomorphe BiMn^Oi, les ions 
Mn''^ vont sur ce site. D’autre pan le fait 
que le compose MnTiNdOr, ne soil pas 
ordonne a 1 .5°K peut etre du a I’isolement des 
Mn’^ dans la structure, puisqu’ils ne sont 
situes que sur le site 4/i (pyramide a ba.se 
carree): la liaison magnetique entre les plans 
des Mn distants de c = 5,81 devient alors 


tres faible, le site 4/ etant occupe par Ti^'^ 
diamagnetique. 

/ nteractions magmkiques 

La premiere remarque concerne Tangle 
que font les spins avec Taxe des y: 12° pour 
le spin de Nd dans CrNdTiOj et 15° pour 
celui de Fe dans FeNdTiO,. Si Ton ajoute 
que nous avions trouve un angle de 13° 
entre la direction des spins avec Taxe des 
X dans BiMn^O-,, on se rend compte que 
la direction d’anisotropie differe de 90°. 
File correspond a la symetrie des sites: en 
effet dans BiMn.jCC, les moments magnetiques 
sont diriges a peu pres dans la direction de 
Taxe de la pyramide a base carree, pour le 
compose avec le fer ils sont parallelcs au 
plan de base de la pyramide, et pour Nd 
dans Ndf'iTiO-, ou I’environnement est 
constiiue de 8 oxygenes voisins de la terre 
rare, la direction des moments magncHiques 
reste paralleic au plan de symetrie de la 
terre rare et a la base caree de la pyramide. 

l.a deuxieme remarque se rapporte aux 
interactions ('r-Nd Deux Cr en r = (),25 
et -0,25 sont couples entre eux par de fortes 
interactions negatives a 90°. Ces deux atomes 
de (’r sont de part et d'aiitre d’un plan d’atome 
de Nd (r = 0) et les interactions par pont 
d’oxygene sont identiques. ils devraient 
done se coupler de la meme faqon par rapport 
a Nd dans le cas d’intcractions isotropes: 
or leurs moments etant opposes nous devons 
en conclure que les interactions Cr-Nd 
doivent etre anisotropes et antisymetriques. 

La troisieme remarque est relative aux 
interactions Fe-Fe entre les atomes des sites 
4(i et 4/, Les deux atomes de fer du site 4/ 
(57%’ de Fe) qui sont situls symetriquement 
par rapport au Fe du site 4/i (z = 0,5), dont les 
interactions d’echange s’effectuent par le 
meme oxygene avec un angle voisin de 1 20°, 
ont leurs moments magnetiques de meme 
sens et opposes a ceux de ce deuxieme site. 
L’echange est done isotrope et s’effectue 
suivant les lignes paralleles de la Fig. 6. 

La quatrieme remarque est, que deux 
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atomes de Fe^+ du site Ah, situe en XY et 
XY sent couples ferromagnetiquement 
comme dans FejCaO, et UFeO^ (9) et (10) 
a I’oppose de ceux de et de Mn'*^ dans 
CrTiNdOs et MnjBiOs. 

11 faut remarquer que cette interaction se 
fait par pont d’oxygene legerement superieur 
a 9()° (Fe(»0|7,Fe,7) = 1000° 18') et pour des 
distances entre atomes de fer de 3,04 A. 
On retrouve cette distance 3,06 A entre 
deux atomes de fer sur le site 4/ couples 
parallelement, alors qu'elle est de 2,78 A 
entre les 2 atomes couples antiparallele- 
ment (Fe,,i)0„)Fe(.D = 78°22') oti cette courte 
distance suggere un echange direct comme 
dans (9) et (10). 

RcmtTdVmpnrs-Nous remercions Monsieur le Pro- 
fesseur Bcrtaui pour I'atientinn quil a apporiee ace (ravail, 
nous lemerciuns mademoissclie Martin pour son aide 
pour laprepaiation chimique des drivers composes 
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TECHNICAL NOTES 


Recombination luminescence in NaCI* 

(Renewed 6 October 1 969; iii rei'ised form 25 Noi emher 
1969) 

A i,ow-lemper;itiire luminescence arising 
from the recombination of an electron with a 
Vi, center (self-trapped hole) has been 
identified previously in various alkali halides 
[1-3], Fxperimental proof that a particular 
emission band arises from the decay of a 
(F,, -l-e ) state can be achieved by orienting 
the K,. centers along one of the < 1 10) direc- 
tions, ;ind then observing a linear polarization 
in the emitted light when electrons are released 
in the crystal and recombine with Fj. centers. 
Previous work on NaCI[l] revealed two 
prominent emission bands at low temperature, 
with peaks ;it 3-36 and .V38eV. These bands 
were attributed to ) recombination 

luminescence, although a positive identifica- 
tion by the polarization properties was not 
given. In this work we have investigated 
further these emission bands in NaCI. We 
conclude that the high-energy band is defi- 
nitely due to (Fi-be ) recombination and is 
IT polarized; the low-energy band is only 
weakly polarized (if at all) but docs arise from 
( F,,-t- e') recombination. 

F,, centers were produced in crystals of 
NaCI(TI). NaCl(Ag) and NaCl(Pb) by 
T-irradiation at either liquid nitrogen tempera- 
lure (LNT) or liquid helium temperature 
(I HeT). F^. centers were identified in NaCI 
111) and NaCI(Pb) by observation of the 
electron spin resonance spectrum at LNT, 
using a Varian V4502-06 A'-band spectro- 
irieter. ESR measurements were made with 
'be magnetic field parallel to both <I00) 


Woik supported by the U.S. Atomic Energy Commis- 
■'lon under Contract No. AT(30- 1 1-3842. 


and (lib) directions. The ESR spectrum in 
NaCKPb) showed strong absorption due to 
F/;. centers, and the observed spectrum was 
in agreement with earlier work of Castner 
and Kanzig|4]. The Pb concentration in this 
crystal was nominally 10 ' mole per cent; the 
crystal was annealed at 4(X)°C for a few 
minutes and then quenched to room tempera- 
ture before A'-irradiation. A'-irradiation of two 
different crystals of NaCl(Tl). with T1 
concentrations of about 10““ and 10“' mole 
percent respectively, resulted in only a small 
concentration of F^ centers relative to the 
crystal of NaCKPb). The F^. concentration 
in NaCI(Pb) was a factor of 10 larger than in 
the 10 ' mole percent NaCI(TI),and a factor 
of 40 larger than in the 10"“ mole per cent 
NaCKTl). ESR experiments were not 
performed in NaCl( Ag). 

Fc centers were identified in NaCl(Ag) and 
NaCKPb) by measurement of the anisotropic 
absorption spectrum[5] of the u.v. band with 
a Cary model 14R spectrophotometer and a 
Glan-Thompson polarizer. At LNT we find 
this anisotropic absorption band to have a 
peak energy of 3-28 eV and a full width at 
half maximum of MOeV, This peak energy 
is in reasonably good agreement with previous 
measurements quoted by Guckerlfi), but 
disagrees with the value reported by Schmidt 
[7J, A'-irradiation of the two different crystals 
of NaCI(T 1 ) at either LNT or LHeT produces 
an absorption band (or bands) whose peak 
occurs at 3-5 eV. hut which does not become 
measurably dichroic after exposure to 
linearly polarized light. As indicated above. 
ESR experiments showed that a relatively 
small concentration of Ft centers is produced 
in these crystals. We attribute the u.v. 
absorption band in irradiated NaCK'Ll) to 
absorption by both Tl“. and centers, by 
1 18 .^ 
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analogy with the known absorption bands of 
these centers in KCIfS). Optical experiments 
on the + ) recombination process were 

not performed in NaCKTII for the above 
reasons. 

In an experiment to determine the thermal 
stability of Kj centers, an irradiated crystal 
of NaCl(Ag) (nominal 01 mole per cent Ag) 
was warmed at a rate of .t"K/min above LNT. 
The maximum rate of change of the V,, 
absorption band occurred at a temperature of 
about 15 TK. In other experiments a pro- 
minent thermoluminesccnce glow peak w;is 
observed m NtiCKI'l) and NaCI(Ag) at 
151 and 147''K respectively. As these three 
experiments were not performed at exactly 
the same warming rate, wc believe that the 
above temperatures correspond to the same 
phenomenon, vi/. the diffusion of V,, centers 
and their annihilation at electron-excess sites. 

The two emission bands of interest in this 
work reach their maximum intensity in the 
range below 4()‘'K, f he temperature depen- 
dence of the intensity of the 3-36 and 5-38-eV 
bands is shown in Fig, I. These data 
were obttiined during A'-ruy excitiition of 
nominally pure NaCI. '('he ordinate lepresents 
the relative number of quanta in the two 
bands; the low-energy band is approximately 
10 times mote intense than the high-energy 
band, (he intensity of both bands continues 
to fall above }i()"K. 

As a consequence of the temperature 
dependence of Fig. I, experiments on the 
identification of these hands were performed 
at LHeT : the actual temperature of the crystal 
was typically - 7°K. Identification of the 
5'38-eV band as a (F*-(-e ) emission band 
was achieved by polarization experiments, 
as described previously [2. 3], in NaCKAg) 
and NaCI(Pb). A distinct m-polarization was 
observed in both crystals, and the results of 
an experiment in NaCKPb) are shown in 
Fig, 2, In this experiment, a crystal of NaCI 
(Pb) was X-rayed at LNT, producing F*.- 
ceniers and F-centers, and then cooled to 
LHeT, Illumination in the F-band stimulated 



l it; I Tcmpci.iiuic dependence of inlcnsily of (Kj, f 
<■ I einissiim Kinds in NuCI t)nlii weic oblaineii during 
X-iiiy nindi.iUon of nominally pure Nat I The ordiniile 
lepresenlsthe relitlive number of qiianiii in the two bands 

luminescence emission with the eharacteristic 
peaks at 3-.36 and 5-38 eV. The Fa- centers 
were then oriented along the lOTl] direction 
of the crystal by well known methods [5], To 
investigate a possible polarization of the 
5-38-eV luminescence as a consequence of 
this orientation, a Polacoat PL-40 analyzer 

[9] was inserted between the crystal and 
monochromator-delector system. The crystal 
was then illuminated with F light along the 

[010] direction, and the luminescence emitted 
in the [100] direction passed through the 
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Hig. 2. Relative intensity of light tSOH-eV hand) transmitted through a Polaeoat P1.-40 analyzer, 
as a function of angle of rotation of the analyzer. I'he angle fi is measured from the hj^nzontal 
to the easy axis of the analyzer. The (01 1 1 direction of the crystal is at 45° and the [01 1 ) direc- 
tion is along -4.5°. L* centers were previously oriented into the (OT 1 1 direction. The experi- 
ment was performed in NaC KPhl at a temperature - 7°K. Emission was excited by optical 

excitation in the f-band. 


itnalyzer to the monochromator-detector. 
I'he geometrical arrangement is shown in 
Fig. 2, where the (100) direction is perpendi- 
cular to the paper. In Fig. 2 we plot the 
intensity of the .^-BS-eV band as the analyzer 
is rotated relative to the crystal, and a peak 
is observed when the easy axis of the analyzer 
(transmission direction for E) is parallel to the 
axis of oriented centers. The polarizer 
orientation relative to the crystallographic 
axes of the crystal, as given in Fig, 2, was 
determined by a visual alignment of the 
analyzer with the vertical axis of the cryostat, 
hence with the [001] direction of the crystal. 
Angular measurements are therefore subject 
to a systematic error of several degrees. The 
significant result of Fig. 2 is the fact that a 
polarization in the luminescence is clearly 
established by orientation of the F* centers, 
and that the electric vector of the emitted 
radiation is along the F*. axis. The 5-38-eV 
hand is therefore a polarized. 

It was not possible to identify positively 
the low-energy emission band (3-36 eV) in 
the same way, as this band overlaps almost 


perfectly the dichroic F^ absorption band at 
3'28eV; therefore, an unpolarized emission 
would appear to be fi polarized due to self- 
absorption in the crystal. In an experiment on 
NaCKAg). we observed a ll-polarized 
emission in the 3-36-eV band with a polariza- 
tion amounting to -6± I •.3 per cent. (Polari- 
zation is here defined as {l,,~ I jKl + 1 J, 
where /,, and I ^ represent the light intensities 
observed with the polarizer transmission axis 
parallel and perpendicular to the axis of 
aligned Fji. centers.) The contribution of 
dichroic self-absorption to this polarization is 
estimated from other data as — 3 ±1-5 
per cent. The observed polarization in emis- 
sion is thus small, and within the limits of 
error it may be zero. We cannot, therefore, 
make a definitive statement regarding the 
polarization of the low-energy bund, 

Additional evidence concerning the origin 
of the low-energy emission band was obtained 
in another experiment. A crystal of NaCI( Ag) 
that was X-rayed at LNT was cooled to 
LHeT: optical excitation of electrons (from 
Ag®) produced both the 3-36 and 5'38-eV 
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emission bands, and in addition a narrower 
emission band at 5-15 eV. We attribute the 
latter band to radiative decay of Ag^ excited 
states (formed by Ag*^ + £' ). An Ag^ lumines- 
cence at 4 %eV at room temperature has 
been identified previously! 10, 1 1]. The 
crystal was then warmed to I66”K. resulting 
in the annihilation of Tj-centers; upon cooling 
again to LHeT. optical excitation of electrons 
produced neither the 3 36 nor the 5-38-eV 
emission hand. The narrow Ag‘ emission at 
515 eV was still prominent, however, indicat- 
ing that electrons were in fact still released 
by optical excitation, We conclude that both 
the 3-36 and 5-38-eV emission bands arise 
from the s;ime center, and that they result 
from the radiative decay of ( f';, + <■ ) states. 

The results of this work therefore support 
previous tentative tissignments of the origin 
of these Iwo baiids[ 1. 12|. Although ;i 
definite polari/tition was not mc.isured for the 
low-eneigy band in this work, it seems 
reasonable to interpret it as a tnmsition from 
a triplet stale by virtue of its relatively long 
hfctinu'l 1 2|. 

At msti le llmnk l.nici .Seiner lor 

hei parlieipalion in the cspenmenls. and K I) Ewingfor 
Liseol Ihe I'SK spceiionielci 

Oflhiiintftii nl l’li\itc\ R tt MCKK.W 

Viiivnsily„l Dchmiit'. H H DILIRKH 

Nt'niiik.DcUtwiiic \'n\\, U S A \ .1 Kl'.l.ttK 
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Mode Griineisen parameters for single crystal 

Af,0., 

{Reteived 18 Apnt 1969 , in revused form 28 Oiioher 
1969) 

SiNfii.Eeryslal AI^CY,, (sapphire of corundum), 
crystallizes in the trigonal lattice, point group 
3m[ll. Its thermodynamic properties have 
been extensively investigated over the last 
years 1 2- 1 1], As the pressure derivatives of its 
elastic moduli have recently become avail- 
able! 12], it is of interest to compute the mode 
(irtinciscn parainelLTsll3-l4] for the above 
material, and conelalc their values with its 
other known thermodynamic data. 

A scheme for calculating the scalar mode 
Ciriineisen parameters yfp.q), from the 
pressure derivatives of Ihe elastic moduli for 
cubic, tetragonal, hexagonal and orthorhom- 
bic crystals has recently been described! 1 51. 
Here, y (p, q) is defined as; 

yfp. q) =-L'3lnw(p, q)/(f InT].^ (1) 

where wfp.q) is the angular frequency of a 
normal vibrational mode with wave vector 
q and polarization index p (p = 1 . 2, 3), T the 
volume and T and temperature. The calcula- 
tion IS done in the framework of the aniso- 
tropic continuum model, neglecting dispersion 
and the contribution of the optical modes. The 
above compulation may be easily extended to 
trigonal crystals, the relation between yip, q) 
and the pressure derivatives of the elastic 
moduli being given by 

y{p,q) = ~i+(N,^Kj+N,^K/ 

+ [d\nc{p,ildF]rl(2K/). (2) 
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Here, c{p, q) is the effective elastic modulus 
for the propagation mode p, q, (ie. where 
p is the density, v the sound velocity). N,, 
and N 3 the direction cosines of q, X/, ATj^and 
K^’’’ the linear isothermal compressibilities 
parallel to the X, Y and Z axis respectively, 
K/ the volume isothermal compressibility 
and P the hydrostatic pressure. 

A computer program to evaluate yfp, q) 
has been written. The program calculates 
(■(/?, q) and dc{p,q)leiP over a grid of 125 
points in the range bounded by the spherical 
triangle defined by the range of colatitudes 
9 0-180°, and azimuths 4> 0-120°. At each 
point the three corresponding values of 
c(p, q) and HcIdP are evaluated, and hence, 
the three quantities yfp, q) are determined. 
The results of the calculation for some direc- 
tions of high symmetry are shown in Figs. 1 
and 2, where I refers to the longitudinal mode. 



Erg, I. Values of the mode Griineisen parameters in the 
A'ZandA'Tplanes. 



Eig. 2. Values of the mode Gruneisen parameters m the 
YZ plane. 


2 and 3 to the fast and slow shear modes 
respectively. As can be seen from the slight 
dependence of the values of yip. q) on the 
azimuth angle in Fig. I, and from their near 
symmetry with respect to the [010] axis in 
Fig. 2, single crystal AI^O^ behaves nearly as 
if its structure is hexagonal. This is really not 
surprising, as the stiffness modulus Cn is 
relatively small, and the rhombohedral angle 
is very close to the value for the hep structure 
(55°2(y'vs.53'’47"). 

From the values of yfp. q). the low and high 
temperature limit of their thermal average. 
y,, and y,; may be computed[16]. The latter 
values, together with the corresponding 
quantities derived from thermal expansion 
data[8, 9], are shown in Table 1. It is inter- 
esting to note the good agreement between 
the thermal expansion and elastic values for 


Table 1. Values of y,, and y„ as derived from clastic 
and thermal expansion data 
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both V/, and y„. The usual case for ionic 
crystals [15- 17] is that the thermal expansion 
and elastic values of y,, agree, while there is a 
discrepancy between the two values for y„. 
The reason for this is that the assumptions on 
which the calculation of the elastic y;, and 
y„ is based are well fulfilled at low tempera- 
tures. while at high temperatures, there is a 
considerable contribution due to the excita- 
tion of optical phonons. The fact that for 
AljO;! there is a good agreement between the 
thermal expansion and elastic values of y„ 
might indicate that even at a temperature of 
1470°K optical phonons do not contribute 
appreciably to the thermal expansion. 


HfM'iin h I iihornliinex. H (il Rl K H*t 
Wriifhi-Viiilmoii Air fun e Htutc, 
rWwiJMl.l, II ,s A 
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Electron mobility in nonstoichiometric cerium 
dioxide at high temperatures* 

{Received fi Ocloher 1969) 

Nonstoichiometric cerium dioxide, Ce,+„- 
Oj, may be classified as a metal excess, 
//-type .semiconductor on the basis of experi- 
mental observations [1-4], This metal excess 
may arise from the presence of a defect 
structure involving either anion vacancies or 
cation interstitials. Recent investigations [5. 6] 
have favored a defect model consisting of 
electrons localized at cerium ions at normal 
lattice sites and cerium interstitials in one or 
more states of ionization. 

The electrical conductivity study [6] is 
consistent with the assumption that the 
electrons are localized. Hence the electronic 
conduction mechanism may be regarded as a 
‘hopping type' process. An experimental 
activation energy for motion 0-18 eV was 
calculated from this data in the temperature 
and oxygen pressure region where quadruply 
ionized cerium interstitials predominate. 

The electron mobility in nonstoichiometric 
cerium dioxide, Cci+^Os, may also be calcul- 
ated by combining electrical conductivity and 
thermogravimetric data for the temperature 
and oxygen region where the defect predomin- 
ates in one state of ionization. The objective 
of this note is to report the results of such 
calculations to establish (1) the magnitude of 
the electron mobility at elevated temperatures 
and (2) the temperature dependence of the 


‘This work was .supported by the U.S. Atomic Energy 
Commission. This is AEC Report COO-l44)-8. 
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mobility in order to test the previously 
proposed ‘hopping type' conduction model f6J. 

The concentration of charge carriers, n, 
was obtained from the thermodynamic 
data [7] at lOOT intervals between 800- 
I200°C in the oxygen pressure region where 
quadruply ionized cerium interstitials are 
assumed to predominate [6]. The electronic 
mobility, fi, was then calculated from the 
relation 

<r = nejx 

by using the values of a and n corresponding 
to the same temperature and oxygen partial 
pressure. The results of these calculations for 
two sintered conductivity specimens [6) of 70 
and 85 per cent theoretical density respec- 
tively and one arc cast large grain polycrystal- 
line specimen [7] of approximately 100 per 
cent theoretical density are shown in Table I. 
Where possible the mobility was calculated 
for at least two different values of at each 
temperature. In general the agreement be- 
tween these values of /a at each temperature 


is consistent with the assumption that a single 
state of ionization for the defect predominates. 
The temperature dependence of the mobility 
is illustrated in Fig. I where the log of the 
average value of ^ is plotted as a function of 
the reciprocal temperature. It can be seen that 
the order of magnitude of the mobility is 
10“^cmVu-sec and the mobility increases 
exponentially with increasing temperature. 
The activation energies shown in Fig. I were 
calculated from the slopes of the least squares 
lines using the data in Table 1. It should be 
noted that although the absolute value of ft 
varies slightly with the density of the sintered 
conductivity specimens, the activation 
energies appear to be independent of the 
density within experimental error in the range 
of densities investigated. In addition, the 
absolute values of ft for both the 85 per cent 
dense specimen and the arc melted specimen 
are extremely close, indicating the ft values 
are probably clo.se to that of the single crystal 
and the grain boundaries are not contributing 
appreciably to the scattering. 

The above calculation of the mobility 


Table 1. Electron mobility in Cc,^yO ■2 for various temperatures and oxypen 

partial pressures 


Temp 

^ u, 


Electron mobility (cmVV-sec) 


(T) 

(atm) 

m* 

8.S!T* 

Arccastt 

800 

lOflx 10“ 

5-63 X 10 * 

7-54X 10" 



lOOX 10'“ 

5-54 X 10 '* 

5 -90X10 ’ 

7-5.S X 10 ‘ 

7-28 X 10- ' 

900 

l-OOx 10' 

616x 10 ’ 

8-52 X 10 ’ 



l-OOx 10 

6 06 X 10 “ 

8-28 X 10' 



l-OOx 10" 
l■24x 10 

6 09 x 10 ' 

8 04 X 10' 

8 11 X 10 ' 

1000 

LOOX 10' 

6-32 X 10 ’ 

88.S X 10' 



l OOx 10 " 

6-41 X 10 “ 

9 03X 10 ' 



1I6X 10-" 



9 l9x 10 ■' 

1100 

LOOX 10* 

8-71 X 10 “ 

111 X 10 " 



LOOX 10"> 

5-60 X 10' 

7-90 X 10 " 

L04X 10 » 

L07x 10 ' 

1200 

LOOX 10 ’ 

8 68 X 10 * 

L09X 10 ' 



100x10-“ 

L.t7x 10 

8 03 X 10 “ 

I tMX 10 ' 

LI8X I0-" 


L2IX 10' 



LOIx 10-' 


1-58 X 10 “ 

« 



LI6X 10 ‘ 


^Percent theoretical density (sintered specimen), 
t Arc cast eeria. 
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requires knowledge of ihe defect structure. 
The ucltial results of this calculation, however, 
vary little with the precise nature of the defect 
since the number of ctirners is approximately 
the same for ditfcrent defect structures. Hence 
if (he defect structure used in this calculation 
is not entirely correct, the magnitude of the 
mobility will not be drastically affected |8|. 
Also the temperature dependence of the 
mobility is entirely independent of the 
assumed defect structure provided the 
assumption of a single state of ionization 
predominating is valid. Hence the experi- 
mental activation energy can he obtained 
directly from the data alone. 

In addition, it is reasonable to suspect that 
a compositional dependence of the mobility 
may exist as the departures from stoichio- 
metry become large. This would be due to the 
reduction in normal sites available for 
‘hopping'[6|. To check this supposition and 
to verify the observed temperature depen- 
dence of the mobility, high temperature Hall 
mobility measurements are currently in 
progress in this laboratory. 
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Low temperature neutron diffraction studies 
on Li(D, D* 

(Rireived fi (klohcr 1969) 

A CONSIDERABLE amount of evidencell,2] 
has been collected indicating that lithium 
trilide undergoes changes in lattice parameter, 
^/i). as a result of the tritium decay, provided 
the sample temperature is maintained below 
-7T. This material does not, however, suffer 
these lattice changes when stored at higher 
temperatures. This material undergoes bulk 
expansion as a result of radiation damage, but 
only at the reduced temperature does this 
bulk expansion correspond to the lattice ex- 
pansion. At the higher temperatures the radia- 
tion damage produces hulk expansion by other 
mechanisms, primarily the formation of gas 
bubbles. Pretzelfl-2| has suggested that this 
low temperature lattice expansion is the result 
of the '■’He decay product occupying an inter- 
stitial position in the cubic lattice with the 
corresponding formation of an /'-center. This 
lattice distortion is such that the average 
volume increase per(F-cenler-''He)interstitial 
pair is 12-14 A'' (2. 3). This lattice expansion 
has been measured by a low temperature X-ray 
diffraction technique and a value of 1 3'7 A'* per 
'He was delermined[2|. 

This study was undertaken to verify 
Pretzel's data and to observe the changes in 
lattice parameter once this expanded salt is 
warmed to 23°C. This study was possible with 
neutron diffraction, whereas, due to the exten- 
sive radiation damage, the X-ray lines became 
so diffuse on wainiing the sample that the 
annealing studies were not possible. 

A sample of ^LiDd.^T,,.^ was loaded into a 
sealed sample holder designed to fit the cryo- 
stat used for low temperature neutron diffrac- 
tion studies. The front and hack faces of this 


'^Work Jone under the auspices of Ihe L.S. Atomic 
Energy Commission. 


sample holder were iin. thick copper plates, 
which served as an internal reference standard. 
The neutron source was the Omega West 
Reactor at LASL, the diffractometer using 
monochromatic neutrons with \ = I • 1420 A. 

Initially, an ambient temperature (23°C) 
pattern was run from 25-0 to 8T0° 20. This 
scan covered the (III), (200). (220), (311). 
(222), (400) and (33 1 ) peaks of Li(D. T). The 
copper from the sample holder gave the ( 1 1 1 ), 
(200), (220). (311), (222) and (400) peaks in 
this region of 20. Analysis of these data indica- 
ted that sufficient data could be obtained by 
simply scanning the ( 1 1 1 ) and (311) peaks on 
Li(/). 7 ) and the (200) and (220) peaks for 
copper. The sample was cooled to liquid nitro- 
gen temperature and periodically these four 
peaks were scanned. After 187 days of contin- 
uous storage at low temperature the sample 
was quickly warmed to room temperature and 
the annealing of the expanded lattice was moni- 
tored by scanning the (111) peak of the 
l.i(/). T). Occasionally the complete spectrum 
would be run and these runs confirm that the 
value for lattice parameter. u,„ obtained from 
Ihe (111) peak was in excellent agreement 
with that obtained by fitting all seven l.i(/>. 7 ) 
peaks. There was some fluctuation in ambient 
temperature during this annealing stage, but 
the temperature was continuously monitored 
and the data were corrected for thermal ex- 
pansion to 23T. Here a value of .36 x 10“"T'~’ 
was used for the coellicient of thermal expan- 
sion, «|41. 

fable 1 gives the initial and final values of 
< 1 ,, for this material at 23T and at liquid nitro- 
gen temperatures. Also listed are the corres- 
ponding values for the reference copper. 

The agreement for the lot/tl change observ- 
ed at 23°C and at liquid nitrogen temperature 
is quite good, as are the initial and final values 
for copper. Figure 1 is a plot of u,, vs. time for 
the period of low temperature storage. The 
lattice parameter increased a total of 0 01 10 A 
over this period for a total growth of 0-272 per 
cent. This gives a growth rate of 0-0014 per 
cent per day, compared to a value of 0-0038 
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Table 1 . Experimentally determined 


Mulcrial 

li-mp 

(T) 

Inilial 

(A) 

After ) 87 days 

(A) 

Change 

(A) 


2 } 

4 nfi66±0 0(X)4 

4-0770 + 0-0004 

0-0104 + 0-0006 


-190 

4-046.S + 0 000.S 

4 0.S7.S± 0-0005 

0-0110 + 0-0008 

( 11 

23 

3 f)l47±0-(K)03 

3-6l47± 0-0004 


Cu 

190 

3 6031 +0-0003 

3-60.35 + 0 0006 




Eig. 1. Observed laltice expansion for ’LiD„„T„, stored at liquid nitrogen 
temperature. 


per cent per duy reported by Pret/el and 
Anderson(2| for l.iH,, laT,, This is. in fact, 
very good agreement when the dose rate 
correction is included (0-00,^8 x 0-4/0-88 = 
0-0017 per cent per day). The period of 187 
days is such that there were 6-6 X 10^*j3 decays 
per cm-' of sample and likewise 6-6X10*" 
■'He's formed per cm-l If indeed the total 
0-272 per cent linear expansion is due to the 
formation of interstitial "He's this would 
correspond to a lattice distortion of 12-4 A" 
per "He. This volume increase is in very good 
agreement with that reported earlier[l,2]. 

On warming to 23°C there was a definite 
relaxing of the expanded lattice. The salt did 
not anneal back to the initial room temperature 
value of 4-0666 A, but some 80 per cent of the 
total lattice expansion was eventually recover- 
ed. It was felt that this annealing might well 


be a first order phenomenon, dependent only 
on the concentration of interstitial 'He. The 
lattice parameter at 2.3°C was therefore fit 
to the following equation: 

a„ = Ae-'<'+C 

where 

«() = lattice constant 
A = intercept 
B = slope a l/f,/z 
C = baseline = final value of 

Figure 2 is a plot of the least squares fit of 
the data to the calculated line. This fit gave the 
following values for the parameters; 

^ =0-0082 ± 0-0001 A, 

B = 0-0164± 0-0008 hr"'; /,« = 42-3±2-0hr, 
C = 4-0688 ± 0-0001 A. 
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Fig 2. Room lempeniiiire annealing tuive for expanded ’LiD,ii|T „4 
lattice. The solid line al the least squares fit to the equation: </„ = 
/4c-'‘'l-C 



The value of A + C then gives the 23T 
lattice parameter after 187 days storage at 
liquid nitrogen temperature. It is encouraging 
that the total expansion determined from these 
parameters of 0-0104 A is in such good agree- 
ment with the 0 01 10 A expansion measured 
at the low temperature. The final 23°C value 
of 4-0^88 A corresponds to a net total expan- 
sion of 0-0022 A. or 0 05 linear per cent 
Earlier X-ray diffraction studies did not indi- 
cate any net lattice expansion of l.i(/3, T) 
stored at ambient temperatures. The 0-05 
per cent expansion detected here is probably 
due to the limited solubility of ‘He in the Lit/). 
?') lattice at 23°C. 

It is felt that the low temperature lattice 
expansion of Li(D. T) is due to the formation 
of interstitial “He. When the sample is then 
warmed to room temperature the ■’’He is able 
to diffuse out of this site, allowing the distorted 
lattice to relax back toward its initial ««. 
There is however, some net expansion due 
probably to the limited solubility of •''He in 
Li(D, T). 

■‘t< in()vvtf(/g('m('fllx -The author!? are indebted to Or. 
IFwayne T. Vierfor hl.s support and many helpful discus- 
sions. The help of Mr. W. L. Drumhiller in sample pre- 


paration and D Foshec and R Briesmeister in taking 
data was greatly appreciated. 
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Magnetic susceptibility and Mdssbauer 
spectrum of NH,Fc““^Fe"(CN)s* 

{Rercived 1969) 

I. INTRODDCTION 

It is difficult to prepare stoichiometric 
Prussian Blues and their analogs which 
contain a full complement of the associated 
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alkali ions. In the process of preparation and 
purification some alkali is invariably washed 
out and replaced by the transition metal or 
other heavy metal ion present in the reaction 
mixture. 

In the course of an investigation of the 
magnetic properties of complex cyanides of 
transition metals we have prepared the 
compound NH|He'''Ke"(C'N)i„ measured its 
magnetic susceptibility as a function of 
lemperature, and determined its Mdssbaucr 
spectrum 

2. PREl’ARA'nON AND ANALVSIS 
NH.,Fc'"IFe"t('N),i| (prep. I ) (superscripts 
in Arabic numerals denote high-spin oxidation 
states; Roman numerals, low-spin states) was 
prepared by the slow addition of a hot solution 
[UrO of NH,Fe(SO,).' I2H,0 to a hot 
solution (7()"(') of (NH,)|( etC'N),,. The 
precipitate was allowed to stand overnight, 
and xvas then centiifuged and washed three 
tunes w ith w ater. It was then dried in a vacuum 
desiccator at room temperature. 

Analysis, calculated for NH,i'efe(C'N),.,; 
NH,, .VWTT; le, .19(i89^. l-ound: NH.,, 
be, .)9'02'T. Ratio, mols be/mols 
NH, -- 2-().T 

NHiFelbctC N)|,| (prep. II) was also 
prepared by the addition ol (NH,)jFc(SO,)j • 
hHjO in a solution containing a fifty-fold 
excess of NH ,('1 to a solution of K ,Fe(C'N),i, 
also in a solution containing ;i fifty-fold 
excess of NH ,('1. 

.1. X1,A(;\EriC .Sti.St EPTlBll lTY MEASUREMENTS 
Magnetic susceptibilities were measured 
on a (jouy balance over the temperature 
range 75“-37.7‘’C. The calculated molar sus- 
ceptibilities, averaged for three samples and 
corrected for diamagnetism (xau, = 
— 14(1 cm* mol.'’’), are given in Table I. 

Table 1 , Maf;nelic susceptibilities 


7("K) 7.*) t% 295 373 

X to* (cm 'mot ') .5925 2260 1470 1165 


The susceptibility follows Curie’s law. 
X = 4-36/T. These results are shown in Fig. 1 . 



tig I tnveisc molar Mistieplibilily of NH,l'elFc((’NU 
v, lenipeialurc. 

4. MOSSBAUER SPECTRA 

I he room temperature Mbssbauer absorp- 
tion spectra were obtained using a source of 
■’T o dilfu.sed into a copper matrix. This 
source gave a single line with nearly natural 
line width. The spectra of K,Fe(('N)ii and 
NH|Fc'"lFe''(('N)iil prepared from (a) 
NH,l c(SO,l, ’ i2H./) and KTc(CN)„ and 
(b) (NH,).Fe(S0,).'bH,0 and K;,Fe(CN),i 
are show n in Fig. 2. 

5. X-RAV DIFFRACTION 

An X-ray powder diffraction pattern of 
NITf-eFeff'N),; (prep. I) was obtained, and 
the reflections indexed on (he basis of a cubic 
unit cell lO-IHl ±()’0()6 A on edge. Only 
reflections with h.kj all even or all odd were 
observed. 

6. Dl.Sl'USSION 

The presence of reflections in the X-ray 
diffraction pattern of the type, It.kJ odd, shows 
that the NH/ ions are ordered in the 1/4 
1/4 1/4; 1/4 .3/4 .3/4; O positions, and cal- 
culations of the intensities of the 1 1 1 and 3 1 1 
reflections confirmed this, the CN' ions 
making very little contribution, as shown 
earlier by van Bever[l]. 

The magnetic moment calculated from the 
susceptibility data is p, - 5-91/3, in good agree- 
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CHINNEU NUMBER (INCREASING ENERGY -*) 

nicnt with the value 5’916)3 expected for the 
He'*' ion in the state. Unfortunately this 
lesult, by itself, does not unambiguously rule 
out the alternative structure, NH,Fe“^[Ke"' 
(CNy. which has the same number of 
unpaired electrons. However, it is unlikely 
that Curie’s law would be followed in the 
alternative case, as inferred from the work of 
Bozorth et w/.121. or that the moments would 
be independent of temperature. 

The Mbssbiiucr spectra of NH 4 Fe"(Fe" 
ICN),,] (preps. I and II), shown in Fig. 2. 
consist of two absorption maxima which can 
he assigned unequivocally to ‘low-spin’ Fe** 


and ‘high-spin’ Fe^^, which verifies the 
valence distribution indicated. The absence 
of any observable quadrupole splitting is in 
agreement with the X-ray and analytical 
results which show an ordered stoichiometric 
structure. 

The Mdssbauer spectra we observed are 
generally cleaner than those reported by 
Duncan and Wigley[3j for KFe”[Fe"(CN)J 
whose compounds may have contained some 
iron, as well as alkali, in interstitial positions. 

In agreement with previous results [3], both 
preparations of NH 4 Fe''*[Fe"(CN)J give 
essentially identical spectra, indicating that 
the same final compound is formed regardless 
of the oxidation states of the starting materials. 
The somewhat poorer resolution and increased 
line width of the Fe''* ion observed in prep. II 
samples might be due to either a slight 
departure from ideal stoichiometry or the 
presence of some interstitial water in this 
preparation which could cause an increase 
in the spin relaxation time of this ion. Since 
prep. 1 samples gave cleaner spectra, the X-ray 
and magnetic measurements reported were 
made on this material. 

Cliemiun Depiirimcnl. N. ERICKSON 

BriioLliturtt Niitidmil l.uhoniliin . N El I lOTT 

Uplon. 

N Y 1197.1 V.SJ. 
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for sample (e) which has a carrier concentration 
of about 3 X 10*'* cm"'* at room temperature. 

For the purest sample (indicated by («) 
in Figs. 1 and 2) the effect is observable in 
the temperature range from about 77 to 300°K, 
and for this sample the mobility in this 
temperature range is limited almost entirely 
by polar mode scattering, as indicated in 

TCK) 


300 CO 50 30 2Q 15 C 8 



I ili I Tempeniture vmiiilion ol I /cR,, measured at kO 
Icr a senes of samples with eairier eoneeniralions from 
abiiul 2 5x 10" to ?'0x 10'’cni ' At low temperatures 
the eiitrier eoneeniration decreases due to shtillow donor 
deioni/ation. At high lempei attires the temperature 
'aiiaiion of the Hall factor for polar mode scattering is 
observed which decreases with increasing impurity 
density. 


Table I. Properties of GaAs 
samples as determined from analysis 
oj Hall effect measurements 


Sumple 

N, 

Icm T 

-V,. 

(cm ■') 

tmeV) 

U 

4 SX |0'» 

2 1 X 10" 

s 52 

h 

2 0x lO" 

4-1 X lO'-' 

.5 09 

( 

MX 10"’ 

.V3 10'^ 

.V8« 

d 

2-1 X 10'“ 

6-0 X 10" 

.1-29 

V 

4-7x10"' 

1 -fix 10" 

1-89 



Fig. 2. Temperature variation of Hull mohility at s kO for 
three sampics In the temperature range from .100 to 
77“K the mobilily of sample («) is dominated by polar 
mixlc scattering. Sampics (d and le) show increased 
elfeeis ol ionized impurity scattering 

Fig. 2. The polar mobility shown in this figure 
was calculated using the equation of Petritz 
and Scanlon[ll], Also shown in Fig. 2 are 
the deformation potential mobility determined 
from the theory of Bardeen and Shockley [12]. 
and the ionized impurity mobilities deter- 
mined from the Brooks-Herring[13] equation 
using values of N„. /V^. and n obtained from 
analyses of Hall effect measurements for the 
various samples over the temperature range 
4-2-300°K. 

It is apparent that the mobility for samples 
(r) and ie) is affected by a larger contribution 
of ionized impurity scattering, and this could 
mask the temperature variation of the 
scattering factor due to polar mode -scattering. 
Because of this, sample (a), which has a total 
ionized impurity density of only 7 X 10’ * cm ”, 
was used for subsequent measurements. 

4. TEMPERATURE AND MAtJNETIC FIELD 
DEPENDENCE 

The experimental variation of the Hall 
constant for magnetic fields of 0-5, 5 0. 50 0 
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and 90 0 kG is shown in Fig. 3, The slight 
decrease in /?« observed at high temperatures 
for // = 50 0 and 90 0 kG may represent an 
increase in carrier concentration due to 
ionization of a deeper donor level. The 
experimental variation of the scattering factor 
with temperature determined from = /?„/ 
fimi;- for = 0-5, 5 0 and 50 kG is shown in 
Fig. 4, along with the theoretical variation 
calculated by Lewis and Sondheimer[21 and 
Devlin [51- The scattering factor is plotted 
as a function of z = fl/T where a longitudinal 
optical phonon temperature of = 423°K 
[14] was used. The Hall factors measured at 
0'5 and 5 0 kG are in qualitative agreement 
with both calculations, although the shape of 
the curves agrees more closely with Devlin’s 
results. As mentioned previously, in the limit 
of high magnetic fields the scattering factor 
should be independent of temperature and 
approximately equal to I, and this is the case 
for the results at 5flkG. 

it would be interesting to experimentally 
determine the minimum in the temperature 
variation indicated by the theory at high 
temperatures. Unfortunately, in GaAs there 
is a large variation in Hall constant in this 


high temperature range due to two-band 
conduction involving the higher lying <100) 
conduction band minima] 15] which obscures 
the relatively smaller temperature variation 
due to polar mode scattering. 

Since a universal relaxation time cannot 
be defined for temperatures less than ff, the 
usual criterion for the breakdown of low 
field Hall effect theory. ^6-* 1, does not 
apply, and the Hall coefficient factor is not 
simply a function of fiB alone, but is also a 
function of temperature. However, the 
variation with magnetic field of the Hall 
factor for polar mode scattering has also been 
calculated]2, 5], and the results of Devlin’s 
calculations for three different temperatures 
as well as the experimental variation of r,/ for 
comparable temperatures are shown in Fig. 5. 
There is considerable scatter in the data, but 
the theoretical and experimental curves are in 
remarkably good agreement at the higher 
values of 

The variation of the Hall factor with 
degeneracy has also been calculated by 
Lewis and Sondheimer. and they predict a 
continuous decrease of with increasing 
degeneracy at a fixed temperature. In GaAs, 


TCK) 

500 250 200 (50 125 100 80 



Fig. t Temperature variation of the Hall coefficient, /?,/. for 
magnetic fields of H = 0-5, 5. 50 and 90 kG, 
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Fig. 4 Temperaliire dependence of the Hall factor for polar mode 
scattering for both theory and experiment. The dependence is 
qualitatively the same The effect disappears at .')(> kG. 



Fig. 5. Magnetic field dependence of the Hall factor for polar mode 
scattering for both theory and experiment. Since a universal 
relaxation time cannot be defined for polar mode scattering, the 
scattering factor does not approach I for the same value of iiB at 
different temperatures. 


however, the effects of ionized impurity 
scattering also increase for increasing 
degeneracy, as previously indicated, so it 
is not possible to examine the variation of 
0 / with degeneracy alone. The disappearance 
of the dip in Fig. 1 with increasing carrier 


concentration from sample (a) to sample (e) 
is probably due mainly to the increasing 
contribution of ionized impurity scattering, 
since at the temperature of the dip the Fermi 
energy is still 3 kT below the bottom of the 
conduction band for sample (e). The results 
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of Lewis and Sondheimer predict essentially 
no change in the scattering factor at this 
degeneracy level. 

5, CONCLUSIONS 

The experimental variation of the Hall 
factor for polar mode scattering with tem- 
perature and magnetic field is in as good 
agreement with the theory as can be expected. 
Although Devlin (51 estimates the accuracy 
of his calculation for the temperature variation 
of the Hall factor to he belter than 10 per 
cent, the experimental variation of the Hall 
factor would be expected to be affected by 
band structure, sample and magnetic field 
inhomogeneity, screening, and other scatter- 
ing mechanisms which are not taken into 
account in the theoiy. 

Practically, the effect of the Hall factor for 
polar mode scattering on the calculated 
carrier concentration and mobility is small 
and IS evident only in high purity GaAs. 
At a magnetic field of .“i k(j. which is com- 
monly used for the characterization of (iaAs. 
the error introduced by assuming r„ = I is at 
most about - 15 per cent at room temperature, 
and at 77°K the error is at most about - 3 per 
cent. However, the error would result in a 
calculated carrier concentration at 77'‘K 
which was higher than the calculated carrier 
concentration at room temperature, fhis 
anomaly in calculated carrier concentration 
has been observed! 16] in other similar 
epitaxial GaAs samples. Another interesting 
and potentially important effect of the 
temperature variation of r„ can be observed 
in Fig. 3. Although the high field data clearly 
show a decrease in Rn at high temperatures, 
possibly caused by the presence of a deeper 
donor level, this effect is completely masked 


in the low field data by the temperature varia- 
tion of the scattering factor. Consequently, the 
presence of a small concentration of deeper 
donors might not be revealed in low magnetic 
field Hall coefficient data, especially if taken 
only at a few isolated temperatures such as 
.300and77“K. 

A(kiu>H’leJf;entt'nls -We would like to thank R. C. 
Hancock for perfoiming the Hall measurements, 1,. 
Krohn tor preparing the fiaAs sample.s, and the M.LT. 
t'lancis Bitter National Magnet Laboratory for providing 
the facilities foi the high field measurements. 
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CONDUCTIBILITE, NOMBRES DE TRANSPORT ET 
AUTODIFFOSION DES IONS DANS DIFFERENTS 
MONOCRISTAUX DE CHLORURE DE SODIUM 

F. BENIERE, M. BENIERE et M. CHEMLA 

l.aboratoire d’RlecIrochimie, 1 aciilte des Sciences dc Paris, 10. rue Cuvier. 75. Paris 5“ F ranee 

(Ri'i eived 1 .5 July 1 969; m revised form 11 November 1 969) 

Resume- l.e.s mesures de la conduclivile, des nombres dc transport et des coefficients d'autodilfusion 
dc Na' cl Cl ont etc cffecltiees avee unc reproductibilitc de I pour cent dans des monocristaux de 
NaCI purs cl dopes par des ions .Sr-*. I esconiribulionsdeslacuncscalioniques. deslacunesanioniques 
el des panes de lacunes onl pu clre separees, ce qui a pcrmis d'oblenir. a partir de rensemble des gran- 
diiers experimenlales, Ics vcritables valours des enthalpies el entropies de formalion el de migration 
des defauts. l.a relation de Nernst-Rinstein a pu alors etre etudiee en toule rigueur; celle relation se 
verifie avec une precision de 2 pour cent, alors que la theorie des correlations prevoyait un facicur 
multiplicatif egal a 11,78, II semble done que dans le sy.steme eludie, le modeic du reseau rigide. donl 
la consequence est I'existence d'etfels de correlations, mcrite d'etre reconsidere. 

Abstract -The measurements of conductivity, transport numbers and self diffusion coefficients of Na‘ 
and Cl" have been made with an accuracy of 1 percent in single crystals of pure and Sr-*-doped NaCI. 
The contributions of cation-vacancies, anion-vacancies and vacancy-pairs have been separated; this 
has allowed to reach, from the whole of the experimental data, the true values of the enthalpies and 
entropies of defects formation and migration. The Nernst-Einstein relation has then been strictly 
studied; this relation is verified with an accuracy of 2 per cent, whereas the correlation theory had 
forecast a multiplicative factor equal to 0.78, It seems therefore that in the studied system, the rigid 
lattice model, the consequence of which is the existence of correlation effects, is worth being recon- 
sidered. 


1. INTRODICTION 

Df nombreux travaux onl eu pour objet 
I'etude des defauts dans les cristaux ioniques, 
dans le but d’etablir la nature des defauts et 
Ics parametres fixant leurs concentrations et 
letirs mobilites. Les methodes experimenlales 
Ics plus employees et les plus directes sont 
la mesure de la conductibilite et de I'autodif- 
tusion des ions. II semble bien admis que les 
defauts predominants dans le cristal de 
chlorure de sodium sont du type de Schottky. 
e’est a dire des lacunes calioniques et anion- 
iques, dont une partie peut s’associer pour 
former des paires de lacunes. La mesure de la 
conductivite reflete la somme des migrations 
des deux especes d’ions dans les lacunes 
libres; d'autre part, la mesure des coefficients 
d'autodiffusion par I’utilisation de traceurs 
radioactifs permet de suivre individuellemeni 
chacun des ions, mais donne la somme des 


mecanismes de diffusion par les lacunes 
libres et par les paires de lacunes. On se rend 
ainsi comple que dans chaque cas, il y a com- 
petition enlre au moins deux mecanismes. 

Ainsi, dans le cas du chlorure de sodium, 
etudie par des mesures de conductivite [1-9], 
d’autodiffusion du cation [1 0-1 2] et de I'anion 
[12-16] et de nombres de transport [17], les 
contributions dues aux lacunes libres et aux 
paires de lacunes n’avaient pu etre chiffrees 
separement. Ainsi, Dreyfus et Nowick [4] ont 
calcule les parametres de formation et de 
migration dcs defauts uniquement a partir des 
mesures de conductivite en negligeant la 
mobilile de I'anion: on se rend compte du 
caractere approximatif de cette hypothese en 
remarquant que les coefficients de diffusion 
de CL et Na^ sont dans le rapport 1 a 4 en- 
viron a TOOT. 

Dans le present travail, apres avoir mis au 


1203 



K BENIERE. M 8ENIERE el M. CHEMI.A 


point des methodes de mesures de grande 
precision, nous nous sommes proposes de 
rechercher les valeurs les plus sures relatives 
aux processus de transport afin de tester les 
theories actuellement proposees. 

Nos resultats experimentaux portent sur 
les grandeurs suivanCes: 

(a) mesures de la conductibilite electrique 
et des nombres de transport. 

(b) coefficients d’autodiffusion* des anions 
et des cations dans des cristaux de haute 
purete: ces mesures permettent de deter- 
miner la somme des processus de diffusion 
par lacunes libres et par paires de lacunes. 

(c) coefficients d’autodiffusion dans des 
cristaux dopes par des ions Sr^^ grace a la 
mise au point d’une technique de dopage 
par diffusion, nous avons pu preparer des 
monocristaux de concentrations en ions 
bien connues. II devient alors possible de 
faire varier les concentrations de defauts, ce 
qui permet de calculer separement la contri- 
bution des paires. 

1. ’ensemble des resultats experimentaux 
ainsi obtenus permet d'examiner la validite de 
la relation de Nernst-Einstein afin de re- 
chercher I’intervention dii facteur de correla- 
tion. 

2. THEORIES ACTt El.I.ES DE I.A FORMATION 

ET DE LA MKtRATION DES DEFAtlTS 

( 1 ) Concentration de.v defauts 

Les conceptions actuelles[191 supposent, 
qu'en raison de I'agitation thermique, une 
certaine fraction des sites du reseau de chloru- 
re de sodium se trouvent vacants. Si n' et n 
sont les concentrations des lacunes cat- 
ioniques et anioniques, ces grandeurs obeis- 
sent au produit de solubilite: 



( 1 ) 


Seals les resultats des mesures anterieurement de- 
crites 1 1 1 J et [ 1 6) ont ete rappeles. 


Sd: variation d’entropie pour former un 
couple de defauts, 

Hd: variation d’enthalpie pour former un 
couple de defauts, 

T: temperature absolue, 

k: constante de Boltzmann. 

En plus de ces lacunes ‘thermodynamiques’ 
existent des lacunes dues a la presence 
d'impuretes residuelles ou volontairement 
introduites. On considere que les impuretes 
monovalentcs (K"^ . . .) se substituent a des 
ions du reseau sans modifier sensiblement les 
proprietes du cristal. Par contre, les impuretes 
ioniques de valence superieure a 1 doivent 
introduce des lacunes afin de respecter la 
neutralite electrique. Si on suppose que les 
impuretes cationiques bivalentes (Ca^+, 
SC* . . .) sont preponderantes et en concentra- 
tion egale a C, la relation d’electroneutralite 
s’ecrit: 

/C = C + n-. (2) 

En outre, les defauts ponctuels de charges 
opposees sont susceptibles de s’associer en 
partie pour former des groupements qui ne 
participent pas a la conductibilite. 

Un cation bivalent peut s’associer a une 
lacune cationique, par attraction electro- 
statique, pour former un ‘complexe’ et Ton 
doit considerer I’equilibre: 

cation bivalent -f lacune 

cationique ^ complexe. 

Dans le domaine des fortes concentrations 
de lacunes dues aux impuretes, I’application 
de la loi d’action de masse donne selon Lidiard 
[19]: 

(1-p)'"' 12^exp(-^) <3) 

oil p est le degre d’association et I’energie 
fibre d’association, de valeur negative puisque 
la reaction d’association est exoenergetique. 

D’autre part, deux lacunes de signes con- 
traires presentent egalement une attraction 



CONDUCTIBILITE, NOMBRE DE TRANSPORT ET AUTODIFFUSION DES IONS 1207 


electrostatique[20] ce qui conduit a un nouvel 
equilibre qui, combine a i'equation (1), donne 
la concentration «p des paires; 

(4) 

ou Gp est I’energie libre d’association de 
deux lacunes pour former une paire. 

Les valeurs des coefficients d'autodiffusion 
et de la conductivite sont proportionnelles 
a la concentration des defauts. A haute tem- 
perature les defauts thermodynamiques pre- 
dominent et les energies d’activation com- 
prendront I’energie de migration et I’energie 
de formation du defaut (domaine intrinseque). 
Par contre, lorsque la concentration des 
lacunes dues aux impuretes I’emporte, I’ener- 
gie d’activation ne comprendra plus I'energie 
de migration de defaut (domaine extrinseque 
dans lequel il faudra de plus eventuellement 
I'aire la part des complexes). 

(2) Diffusion 

On demontre[21] que le coefficient d’auto- 
dilTusion d’un ion dans la structure cubique a 
faces Gentries (12 ions plus proches voisins 
d'un ion de meme espece) est egal a; 

D = -j-X \2n 

oil 

(5) 

frequence propre, supposee ge- 
neralement egale a la frequence de 
Debye. 

et H„: variations d’entropie et d’enthalpie 
lors de la migration d’un ion d’un 
site a 1 'autre, 
a: distance anion-cation 
fi: fraction de defauts. 

l-es coefficients de division representent 
la somme des contributions des lacunes libres 
el des paires de lacunes. 


La contribution due aux paires de lacunes 
est, en raison de la relation (4), independante 
de la concentration en cations bivalents C et 
identique pour les mouvements du cation et 
de I’anion; 

Soil Dp le coefficient de diffusion par les 
paires: 

Dp = Dopexp^-^j. 

Finalement, tant que I’on peut negliger 
la fraction de complexes, les coefficients de 
diffusion de Na+ et CL son egaux a 
et D" tels que: 

. + C+(C‘ + 4exp-(Gmr))’'‘ 

2 

-f-Dopexp(^~^j (6) 

D- = 4„V- • -C+(r^ + 4exp-(Gd/m)''^ 

2 

H-Dop exp (6 bis) 


Nous verrons plus bas qu’il est possible de 
definir, en ce qui concerne les mouvements du 
sodium, un domaine extrinseque dans un 
intervalle de temperatures et de concentra- 
tions pour lequel on peut negliger la part des 
lacunes thermodynamiques et des complexes. 
Le coefficient de diffusion de Na^ est alors 
egal a: 

D/ = 4fl*v„C exp exp ■ (7) 


Les coefficients de diffusion de Na^ et CL 
dans le cristal pur dans le domaine intrin- 
seque sont respectivement egaux a: 


D,^ = 4a\exp(^^^~^j 

,exp(-M2^) 

+ Dopexp^-^j 


( 8 ) 
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^ , „ fSdl2 + Sm-\ 

D, Y~j 

,, ( Hdl2 + Hm-\ 

xexp^ ^ j 

+ Dopexp^-^j, (9) 


0) ConductibilUi' 

Dans un systeme ideal, depourvu d’effels 
de correlation et de paires neutres, la conduc- 
libihle et les coefficients de diffusion devraient 
etre relies par la relation de Nernst-Einslein; 


N<^ 

k'l 


( 0 / + 0 , 


celle du dopant, laconductibilite s’ecrira: 

^,= — Wexp^-y-jexp^-— j. 

( 11 ) 

(4) N ombres de transport 
II est possible de separer les contributions 
anionique et cationique a la conductivite par 
la mesure des nombres de transport, ce qui 
permet en principe de calculer et 
Cependant la pr&ision des mesures etant 
insuffisante (de I'ordre de 3 pour cent), nous 
nous conlenlerons de verifier que les nombres 
de transport sont compatibles avec les mesu- 
res de coefficients de diffusion, selon les 
relations: 


oil N est le nombre d’ions par unile de volume 
ct (' la charge de I’electron. 

Dans I'etude experimentale, cn Tubsence 
d'effels de correlation, des valeurs de (D,+-F 
D| )liT superieures ii la valeur theorique tra- 
duiront la presence des paires de lacunes. 

I.orsque I'expression de Dp peut etre cal- 
culec, les expressions de (D, ' - D„) et (D, ' — 
D,,} peuvcni a leur tour etre calculees, ce 
qui permel d’diminer I'infltience des paires 
dans la relation de Nernst-Einstein qui doit 
ainsi s’ecrire; 

— +Dr-2Dp). 

Dans le domainc intrinseque, la conduc- 
tibilite est la somme des conductibilites par- 
tielles; 


,, Ne^ , / Hd-TSd\ 

■ = =^4./^.„exp^ 


Sm^ 


X(exp-^exp~-^^ 


Srn 


Hm 


ffiexp-j^exp- 


( 10 ) 


>1 = 

f cr D{—Dp 


( 12 ) 


(5) Facteur de correlation 

La preuve du mecanisme lacunaire propose 
dans le cas du chlorure de sodium pourrait 
etre fournie par la mise en evidence du facteur 
de correlation: Bardeen ct Herring[22J ont 
monire que si on considere la succession des 
sauts d’un ion radioactif, on constate qu'apres 
le premier saul de I'ion qui I’amene dans la 
lacune. le second saut n'est pas parfaitement 
aleatoirc, e'est a dire que les probabilites de 
sauter vers les 12 plus proches voisins ne sont 
pas identiques mais qu'au contraire la proba- 
bilite du saut le ramenant dans sa position 
initiale est plus grande. Les calculs developpes 
par LeClaire et Lidiard[23] ainsi que par 
Compaan et Haven [24] ont montre que dans 
Cette hypothese le coefficient de diffusion D* 
mesure a I'aide d'un isotope serait inferieur 
au coefficient d'autodiffusion vrai d’un facteur 
/ = 0,7815 dans le cas de NaCl. 

Si, a partir de la mesure de laconductibilite, 
on calcule la valeur du coefficient de diffusion: 


D 


calc 




cr 


Dans le domaine exlrinseque ou la concen- 
tration de lacunes est pratiquement egale a la theorie des correlations doit conduire a la 
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relation: 

D* 

^mes. _ f 

n 

^calc. 

On se rend compte que I’etude experi- 
mentale du rapport (D/ + Dr~2Dp)/(r sera 
un test sensible de la theorie des correla- 
tions, car la presence du facteur / donnerait 
des valeurs environ 20 pour cent inferieures a 
la valeur theorique de Nernst-Einstein. 

3. METHODES EXPERIMENTAL^ 

Toutes les mesures on( ete effectuees sur 
des monocristaux fabriques par ‘Harshaw’ et 
■Quartz et Silice’ ainsi que sur des mono- 
cristaux Harshaw dopes par des ions Sr'‘‘^ 
Afin de conserver les proprietes structurales 
dll monocristal, les cristaux sont dopes par 
dilFusion. Ce resultat est obtenu en deposant 
sur les faces de trois plaquetles de crislal 
empilees la meme quantite d’une solution 
methylique de SrCl^, a laquelle on a ajoute 
dans un rapport bien determine, du chlorure de 
"*’Sr qui joue le role de radioindicateur. L’en- 
semble, maintenu dans une feuille de platine, 
est introduit dans une ampoule de quartz de 
haute purete. scellee sous atmosphere de gaz 
chlorhydrique. Les cristaux sont alors recuits 
a 760°C jusqu’a homogeneisation complete 
par diffusion de la concentration des ions Sr'-'^. 
1 'utilisation du '^Sr permet de verifier cn tout 
point I'homogeneite du dopant et de calculer 
sa concentration. 

Les monocristaux sont dives a la dimension 
voulue et les faces sont dans tous les cas 
aplanies au microtome jusqu’a I'obtention 
de parallelepipedes a surfaces planes, ce qui 
est obtenu par des coupes finales de I pi 
d’epaisseur. 

La Constance de la temperature, a quelques 
centiemes de degre pres, est assuree par des 
regulations electroniques a action propor- 
tionnelle. La temperature est reperee par des 
thermocouples nickel chrome-nickel allie 
etalonnes, construits syaietriquement, dont 
la soudure chaude est placee au voisinage im- 
mediat des echantillons et la soudure froide 


plongee dans un bain eau distillee-l- glace. 
Dans ces conditions, I'erreur globale sur la 
temperature est de ±0,1°. D’autre part, la 
tension aux bornes des thermocouples est 
enregistree en fonction du temps pendant 
toute la duree des experiences. Signalons 
enfin que toutes les experiences qui suivent 
ont ete effectuees dans des tubes de quartz 
identiques dans les memes conditions de 
mesure de la temperature, ce qui rend leur 
comparaison parliculierement valable. 

(1) Diffusion 

Les ions radioactifs sont deposes a I’inter- 
face de deux cristaux par sublimation de 
-^NaCI ou Na'"’CI (“Na el ™'C1 sont emetteurs 
j3 de periodes respectivement egales a 2.6 et 
SxKEans). Apres diffusion et clivage des 
bords, les echantillons, dont la surface est 
alors egale a environ 1 cmL sont fixes sur le 
banc du microtome et regies parallelement au 
plan du rasoir au moyen d’une lunette auto- 
collimatrice, Les decoupes, de 2;x d’epaisseur. 
tombent directement dans des coupelles 
ensuite pesees au 1/100 mg et dont la radio- 
activite est mesuree au compteur /5. Notons 
que ce microtome de precision, specialement 
congu pour les substances dures, permet une 
grande regularite des decoupes; cette regu- 
larite rendrait superflue la pesee, si elle n’etait 
necessaire a la determination de I’epaisseur de 
la premiere coupe et a la connaissance de 
I’activite specifique en ^Sr, done de la con- 
centration des ions Sr'^'* dans le cas des cris- 
taux dopes. Les coefficients de diffusion sont 
deduits de I’equation; 



(2) Conductibiliie 

La difficulte dans les mesures de conduc- 
tivite reside dans le choix des electrodes qui 
doivent assurer un bon contact et ne pas con- 
tenir d’elcments susceptibles de diffuser dans 
le cristal. Nous avons resolu ce problemc en 
realisant des depots de platine sur les faces 
du cristal, par evaporation sous vide. Le depot 
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doit etre effectue lentement afin de ne pas 
trop clever localement la temperature du 
cristal. La couche de platine ainsi deposee 
adhere bien au cristal et assure un bon con- 
tact electrique sur toute la surface, et cela 
jusqu’au voisinage du point de fusion de 
NaCI. Nous pensons que ceci constitue 
une amelioration tres nette par rapport 
aux electrodes obtenues par depot de graphi- 
te, qui perdent leur adherence a haute tem- 
perature et peuvent contenir des impuretes 
dopant le cristal. 

En effet, nous avons constate par I’u.sagede 
suspensions de graphite colloidal que les 
mesures de conductibilite n’etaient pas repro- 
ductibles, en ce sens que Ton observait une 
augmentation constante de la conductibilite 
en fonction du temps principalement dans le 
domaine extrinseque, ce qui est caracteris- 
tique de la presence d’impuretes. Ce phenome- 
ne n’a pas ete retrouve avec des depots de 
platine et les valeurs de o- demeuraient les 
memes a I pour cent pres au cours d’un cycle 
d'elevation et d’abaissement de la tempera- 
ture. 

I.a conductivite est mesuree de 10 en 10°C 
chaque fois que la temperature est stabilisee, 
a I'uide d'un pont d'impedance. alimente par 
un generateur de frequence, I'equilibre etant 
repere par un amplificateur de zero. 

Quatre types de cristaux de puretes diffe- 
rentes ont ete etudies (Fig. I.). Pour chaque 
espece. nous avons effectue trois series de 
mesures de conductivite sur des echantillons 
differents. afin d’etudier la reproductibilite 
des me.sures. Ainsi, afin d’etudier I’influence 
eventuelle des dimensions geometriques des 
echantillons, nous avons fait varier I’epaisseur 
entre 1 .65 et 4,49 mm et la surface entre 0,4 16 
et 1 ,725 cm^ ce qui a montre que la mesure de 
la conductivite est independante des dimen- 
sions du cristal. En ce qui concerne la repro- 
ductibilite des mesures, il faut distinguer celles 
qui sent independantes de la nature du cristal 
(a haute temperature, domaine intrinseque) 
et celles qui dependent de la purete (a basse 
temperature, domaine extrinseque). Dans le 



Fig. 1. ( ondiiclivile des cristaux. A-. Harshaw; B: Quartz 
cl Silice; ( . dopes a 12xl0”“ion!, Sr“+; !)■ dopes a 
27X 10 "lonsSV*'. 


premier cas, a temperature donnee, I'ecart 
moyen est de 1 pour cent tandis que dans le 
second cas, I’ecart moyen est egal a 2 pour 
cent, prouvant ainsi la qualite de la methode 
de fabrication des cristaux dopes. 

(3) N ombres de I runs port 
Un ensemble de trois monocristaux iden- 
tiques est mainlenu dans un dispositif de 
serrage en platine iridie. L'utilisation de 
monocristaux a faces aplanies au microtome 
permel, d'une part d’obtenir de bonnes sur- 
faces de contact, et d'autre part de les separer 
facilement apres I’experience. Nous avons 
rejete le principe des couches protectrices de 
Bad., introduites par Tubandt[17], qui par 
diffusion de Ba^^ dopent les cristaux de NaCI, 
ce qui revient a fausser par exces le nombre 
de transport de Na^. Par contre, dans notre 
methode, le cristal anodique donne par $a 
perte de poids le nombre de transport t*', 
d’autre part, le sodium forme a la cathode 
s’echappe de I’interface cristal-electrode et 
donne un depot d’oxyde sur les bords du 
cristal facilement detachable. La perte de 
poids du cristal cathodique, proportionnelle 
a r, permet un controle supplementaire. 
Contraireraent aux experiences de diffusion 
et conductivite, le systeme est place dans un 
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tube de quartz ouvert a Fair, ce qui permet 
au chlore de se degager et au sodium de s’oxy- 
der. L’intensite de courant adoptee est de 
I’ordre de 0,2 mA, et la duree de 20 h, ce qui 
correspond a une masse de chlorure de sodium 
electrolysee de I’ordre de 8 mg; la quantite de 
courant est mesuree a I’aide d’un voltametre 
a argent. 

La realisation de telles experiences est 
particulierement delicate en raison de la 
faible conductibilite des cristaux qui ne peu- 
vent pas subir une electrolyse prolongee sans 
se deteriorer parliellement. La reproduc- 
tibilite des mesures nous indique une precision 
d’environ 3 pour cent, mais il nous parait 
necessaire de rappeler que les valeurs ex- 
perimentales de nombres de transport ne 
sont utilisees que pour confirmer les meca- 
nismes deduits des experiences de diffusion et 
conductibilite. 

4. ENTHALPIES ET ENTROPIES DE FORMA- 
TtON ET DE Mir, RATION DES DEFAUTS 

L’autodiffusion des ions et la conducti- 
hilite ionique sont, dans tons les cas, la re- 
sultantc de plusieurs mecanismes dus a 
plusicurs especes de defauts; il faut en effet 
distinguer les lacunes thermodynamiques, les 
lacunes induites par les impuretes. les paires 
de lacunes et les associations impurete-lacune. 

Nous avons pu cependant, par I’application 
des precedentes methodes a des monocristaux 
de chlorure de sodium de puretes variables, 
separer chacun des termes avec la meilleure 
precision possible. 

( I ) Fjiihalpie de migration des cations 

Le plus souvent, les parametres thermo- 
dynamiques ont ete calcules uniquement a 
partir de mesures de conductivite. A titre 
d’cxempic, nous avons represente la conduc- 
tivite sous la forme de la quantite log o- F en 
function de 1/7, mesuree dans des cristaux 
contenant 12x10^* ions Sr^^ (Fig. 2). On 
observe les regions suivantes 

d > 650°C: section prasque rectiligne qui 
represente la somme des conductivites des 
deux ions dans le domaine intrinseque. 


510 < e < 650''C: zone coudee due a la 
superposition de la migration dans les lacunes 
thermodynamiques et dans les lacunes induites 
par les impuretes. 

415 < $ < S10°C; section rectiligne, corre- 
spondant au domaine extrinseque, habituelle- 
ment attribuee a une concentration fixe de 
lacunes dues aux impuretes. 

0 < 415°C: la courbe s’incurve de nouveau 
dans le sens d'une augmentation de I’energie 
d’activation, ce qui indique qu’une partie des 
lacunes e,st susceptible de s'associer aux 
cations bivalents pour donner des complexes. 

Une valeur d’energie d'activation deduite 
de la premiere section n’est pas directement 
exploitable; en effet: 

(a) Aux lacunes thermodynamiques il faut 
ajouter les lacunes dues aux impuretes en 
concentration relative d’autant plus impor- 
tante que la temperature est plus basse. Ceci 
a souvent conduit, en supposant que cette 
energie d'activation etait la somme {Hdl2 + 
Hm^), a attribuer une valeur trop faible a 
cette somme. Par contre. I'utilisation de cris- 
taux tres purs pour lesquels le coude se pro- 
duit a la temperature de 492°C, permet d'ob- 
tenir un large domaine des hautes temperatures 
oil la concentration des lacunes dues aux im- 
pureies est negligeable; 

(b) Meme dans ce dernier cas il faut tenir 
compte non seulement de la conductivite 
cationique mais aussi de la contribution des 
anions, calculee plus loin a partir des mesures 
des coefficients de diffusion el des nombres 
de transport. 

Par contre, I'enthalpie de migration de Na* 
(//w^) peut se deduire directement de la 
mesure de la pente de la courbe entre 415 et 
510°C. En effet dans ce domaine.de tempera- 
ture et pour cette concentration en impuretes 
bivalentes, la participation des anions a la 
conductibilite est negligeable puisque le co- 
efficient de diffusion de CL est environ cent 
fois plus faible que celui de Na’ et qu’en 
outre sa valeur est attribuee aux paires neutres. 
D’autre part la contribution des associations 
Sr^^-lacune, qui correspond a une migration 
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des ions Sr', esl cgale au nombre de trans- 
port de CCS ions. Cette valeur est negligcable 
puisque le degrc d'association i> des ions 
Sr“* avec Ics lacunes esl negligcable dans ce 
domaine de temperature pour cette teneur en 
dopant. 

On pent done adniettre que la conductibilite 
dans le domaine exirinseque est due essen- 
tiellcment a la migration des cations par 
lacunes libres. 

Nous avons effectue les mesures de la con- 
ductibilite dans les cristaux de puretCs dif- 
ferentes. Le mcilleur ajuslement des points 
experimentaux a la fonction theorique (II); 

iT„ H 

cr^yexp-^- 

a etc calcule selon la methode des moindres 
carres. 

Les resultats oblenus dans le domaine ex- 
trinseque sont groupes dans le Tableau 1 dans 


lequel sont indiqties: la nature du cristal, I’in- 
tervalle de temperature dans lequel a etc eflPec- 
me I'ajustement, Ics grandeurs tr,, et W. ainsi 
que la temperature de raccordement avec 
I'extrapolation de la section pseudo-lineaire 
obtenue a haute temperature. 

Le mccanisme propose est en outre con- 
firme par la mesure des coefficients de diffu- 
sion de Na^ dans les cristaux du type D qui 
peuvent etre representes par I'equation (7): 

D./ = 3,.‘'.^x IO~*'exp-yycm-/sec. 

Finalement nous pouvons atlribuer a I’en- 
thalpie de migration de Na^ la valeur de 
0,72 eV, 

(2) Enthalpie de formation d'un couple de 
lacunes 

II est alors possible de calculer I ’enthalpie 
de formation des defauts de Schotlky Hd si 
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Tableau 1. Parametres de la conductiviie extrinseque 


Cristaux 

Nature 

Intervalle de 
temperature t°r) 


H 

(eV) 

Temperature 
decoude (°K) 

A 

Harshaw purs 

386-419 

5,30 

0,70 

765,5 

B 

Quartz et Silice 

397-478 

22,1 

0.72 

811 

C 

Harshaw dopes 
I2X 10 “Sr“ 

4l.‘i-509 

84.1 

0,72 

868 

D 

Harshaw dopes 
27X 10 "Sr“^ 

406-535 

169 

0.73 

895 


Ton connait la somme {Hdl2} + Hm^. Pour 
ccia nous nous portons vers les coefficients 
li'autodiffusion de Na^ mesures aux haufes 
temperatures que I’on peut representer globa- 
lement par I’equation (8); 

1 975 

D = 33,16exp — ^y^cm^/sec. 

Pour atteindre le terme de migration par 
lacunes libres, il faut en outre retrancher la 
faibic contribution (de I'ordre de 4 pour cent) 
des paires dont le calcul est indique au para- 
graphe 4: nous anrivons ainsi pour la diffusion 
du cation par les lacunes cationiques a I 'equa- 
tion ; 

D = 29,3 1 exp 
soil 


Ooii 

/yd = 2.5()Ev, 

Alin de connaitre la concentration des 
lacunes thermodynamiques donnee par I’equa- 
tion ( 1 ) nous devons determiner St/. 

13) Entropie de formation d'un couple de 
lacunes 

La valeur de Sd, variation d’entropie de 
formation d’un couple de<defauts, peut etre 
calculee par comparaison des equations (7) et 
( 8 ). 


Soit par I’intersection des deux courbes 
logD^ correspondant respectivement aux 
coefficients de diffusion du cation dans les 
domaines intrinseque et extrinseque obtenus 
dans des cristaux de concentration en cations 
bivalents egale a C; Le point d'intersection 
sc produisant a la temperature 7,, donne la 
relation: 



Soit par la comparaison des termes de fre- 
quence: 


^ exp (Sdl2k) 

ce qui donne: 



en bon accord avec la precedente determina- 
tion: 

on en tire: 



Soit: 

5c/ = 0,96x]0^eV(/“-> 
L'equation ( I ) donne alors la concentration 



1214 


F. BENIERE, M. BENtERE el M. CHEMl.A 


de lacunes a toute temperature: 


= 258 exp- 


2,50 

2kT 


ainsi au point de fusion (SOOT): 

= n = 3,50 x 10 ^ 

L equation (13) permet d’evaluer la con- 
centration en cations du type Sr^* d’un cristal 
■pur', tant que cette concentration reste suffi- 
samment faible pour ne pas avoir a tenir 
compte de I’equilibre (3); la temperature T„ 
est donnee dans ce cas par I'intersection des 
courbes log log (IK calc). Parexemple. 

dans les cristaux Harshaw et Quartz et Silice, 
r est respectivemcnt egal a 1,55x10'" et 
4,7 X 10 “ (a condition d’exprimer les concen- 
trations en equivalent de strontium). 

(4) Enthulpie de rnii^ration cles unions 

L’interpretation des mesures des coeffi- 
cients de difl'usion du chlore est plus delicate 
car le role des paires de lacunes est alors loin 
d’etre negligeable. tn effet dans notre travail 
anterieur sur I’autodifFusion de Cl dans des 
cristaux dopes[l6| nous avons observe que 
le coefficient de diffusion du chlore commence 
par decroitre en raison de la presence d'im- 
puretes cationiques bivalentes. Cc resultat 
etait interprete qualitativement par une dimi- 
nution de la concentration des lacunes anion- 
ques due a la relation du produit de solubilite 
(I). Cependant, nous avions note qu’a plus 
basse temperature, D devenait presque inde- 
pendant de la concentration en dopant, ce qui 
mettait en evidence la presence de paires de 
lacunes. 

Fuller|251 a separe les contributions des 
lacunes anioniques et des paires de lacunes 
dans le cas du chlorure de potassium en utili- 
sant des cristaux egalement dopes par des 
ions Sr^^. Nous avons prefere une methode 
d’iteration a sa methode autocoherente. En 
effet, la connaissance de la concentration des 
lacunes permet d’adapter les mesures des co- 


efficients de diffusion de Cl" a I’equation (6 
bis) avec deux parametres de moins. La metho- 
de est la suivante: 

Les mesures precedentes relatives au cation 
nous ont permis de calculer une premiere 
valeur de Gd. D’autre part la concentration 
C du dopant est connue. Ces valeurs peuvent 
alors etre reportees dans I’equation (6 bis) 
dans laquelle subsisteront alors deux in- 
connues: la frequence de saut de I’anion v~ 
ainsi que le coefficient de diffusion des paires. 
Alin de pouvoir resoudre ce systeme nous 
tirons parti du fait que si Ton dispose des co- 
efficients de diffusion de I’anion Del D' h une 
meme temperature pour deux cristaux de 
concentration C et C en impuretes bivalentes, 
la difference D — D' est independante de la 
participation des paires. (En effet c’est une 
consequence du produit de solubilite (1) que 
la proportion des paires demeure constante 
quelle que soit la teneur en dopant). 

On peut ainsi en tirer I'expression de la 
frequence de .saut des anions dans les lacunes 
fibres ('■ et ensuite obtenir le coefficient de 
diffusion des paires. Ce dernier est ensuite 
retranche du coefficient de diffusion de ‘“‘‘Na 
du domaine intrins^ue ce qui permet d'ame- 
liorer la valeur de Gd qui est reportee dans 
le meme programme el ainsi de suite. 

Nous avons utilise les mesures precedem- 
ment publiees[16]; rappelons que dans le 
cristal Harshaw les coefficients da diffusion 
de Cl sont represenles par I’equation: 

D = 60,7 exp cm^/sec. 


La diffusion de I’anion par les lacunes 
fibres dans le cristal est donnee par I’equation: 


D - 4ah>a exp 


xexp 


^ Sdl2 + Sm- ' j 


(Hdl2±Hm 


= 36,2 exp 




cm^/sec. 
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On en deduit la valeur de Hm~ egale a 
0,86 eV. 

La diffusion par les paires de lacunes est 
representee par ['expression; 

Dp = 5200 exp j cm Vsec. 

dont I’enthalpie d’activation est la somme: 

Hd+H/ + H„‘' = 2,63 eV 

ou Hp” est I’enthalpie d’association lacune 
cationique + lacune anionique, et //„" est 
I’enthalpie de migration d’une paire de lacunes. 

Les valeurs des enthalpies sont groupees 
dans le tableau recapitulatif ci-dessous; 


Enthalpies de formation et de migration 
des lacunes {en e\) 


Hd 

Hm* 

Hm- 

2,50 

0,72 

0,86 


Entropies de migration des cations et des 
anions 

Outre I’entropie de formation de lacune il 
reste a determiner les entropies de migration, 
Ces dernieres grandeurs ne sont pas directe- 
ment accessibles; seuls les termes preexpo- 
nentiels sont calculables: 


et 

5w- = 1,96X 10-''eVd«"‘. 

Les valeurs des entropies sont indiquees 
dans le tableau suivant, a titre de compa- 
raison: 


Entropies de formation et de migration des 
lacunes 


Sdl2k 

Sm^lk 

Sm Ik 

5,55 

2,07 

2.27 


(6) Mise en evidence des conduclihilith in- 
divtduelles 

Nous avons vu que la conductibilile in- 
trinseque est la somme de la conductibilile 
cationique et de la conductibilile anionique; 
afin de le verifier, nous avons effectue les 
mesures des nombres de transport, qui sont 
donnees dans le tableau 2 comparativement 
aux rapports: r= {Df-Dp)l{Di*-¥Df- 
2Dp) calcules aux temperatures correspon- 
danies. L’accord est dans les limites de Tin- 
determination experimentale du nombre de 
transport- egale a 3 pour cent; ces mesures 
montrent une fois encore que la mobilite de 
Tanion ne doit pas etre negligee devant la 
mobilite du cation dans le domaine intrin- 
seque. 


4flVoexp^^ = 0,1 14 
4aV„exp^ = 0,140. 


Tableau 2. Nombres de transport 


0(0“C) 

580 

600 

650 


0.81 

0,8J 

0.84 

r 

0.845 

0.839 

0,825 


Cependant si Ton adopte arbitrairement 
pour v„ la frequence de Debye: vo = 4,55 x 10'* 
sec ', on obtient les valeurs suivantes: 


Soil: 






Sm+ = 1,78X10-“ eVd®‘ 


Remarquons que ces valeurs sont trb 
differentes des anciennes mesures de Tubandt 
(1931) qui a 600'C trouvait r“ = 0.95[17], 
probablemenl pour les raisons signalees dans 
le chapitre des mcthodes experimentales. Ce 
point semble confirme par la difference des 
valeurs des nombres de transport obtenus 
dMis KCl, d’une part par cet auteur et, d’autre 
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part plus recemment (1957) par K.erkhoff[ 1 8]. 
Par exemple a 60()°C. le premier auteur attri- 
bue a t* la valeur de 0,88. alors que le second 
donne la valeur de 0,70. 

Enfin, nous avons compare la conductibilite 
intrinseque a la diffusion due aux lacunes 
libres, afin de verifier I equation (10). Dans 
ce but nous avons represente les mesures de 
(T par la fonction approchee: 

,r„ H 

dans I'intervalle des temperatures comprises 
entre 600 et 720T. Le meilleur ajustement des 
paramctres (r,, et // a partir des valeurs ex- 
perimentales a ete calcule par la methode des 
moindres carres; finalement on obtient: 

I QQX 

.r7 =0.2006x I()"’cxp-~~1I 'em "K. 

Hn effet. la conductibilite est egale. en toute 
rigucur, a la somme de deux exponentielles. 
ee qui expliqtie la legere courbure generale- 
ment observee dans le domaine intrin-seque; 
cependunt on peut en premiere approximation, 
represenicr cette .somme par une seuleexpon- 
cnticllc. 

I.a mcme programme a ete utilise afin de 
represenler la somme des coefficients de 
diffusion dii cation et de I’anion apres sous- 
traction de la contribution des paires, dans le 
meme intervalle de temperature, ce qui re- 
vient a poser I'identite: 

n.'e*p(-fj;) + D. 

n W n 

A,exp-j^ = /?. 

On obtient ainsi: 

1 995 

D = 49.0 exp — cm-/sec. 

L’argument et le terme preexponentiel des 


fonctions calculees: D et aTxklNe^ sont 
comparees ci-dessous. 


0,1 = 49.0 

//= 1.995 

‘5!!^ = 48.4 

H= 1,998 




Cet excellent accord entre les valeurs de la 
conductivite et des coefficients de diffusion 
demontre, d’une part la qualite des methodes 
experimentales, et, d’autre part la validite 
des equations (8), (9) el (10). L'etude rigou- 
reuse de la relation de N ernst- Einstein devient 
ainsi possible. 

5. RELATION DE NERN.ST-EINSTEIN 

Au premier abord il semble que e’est dans 
le domaine intrinseque que la relation de 
Nernst-Einstein est le plus directement 
applicable, car dans ce domaine. nous avons 
vu que les concentrations des lacunes an- 
ioniques et des paires de lacunes sont negligea- 
bles devant la concentration des lacunes cat- 
ioniques; aussi on peut s'attendre a ce que 
dans ce domaine la conductibilite et la diffu- 
sion de Na^ s’exercent par le meme meca- 
nisme. a savoir la migration des lacunes 
cationiques. 

Cependant on se trouve devant un 
double ecueil; si les cations bivalents sont 
introduits en trop forte concentration, une 
fraction de ceux-ci donne des complexes qui 
ne participent pas a la conductibilite mais 
qui peuvent contribuer a la diffusion, ce qui 
conduit a un rapport > 1 ; si au con- 

traire cette concentration est trop faible 
(domaine extrinseque des cristaux purs), on 
constate alors que la relation de Nernst- 
Einstein n'est plus applicable (Figs. 3 et 4). Ce 
point semple ne pouvoir s’interpreter que par 
la meconnaissance de la nature des impuretes 
residuelles presentes. Cependant nous avons 
constate experimentalement qu’entre ces deux 
situations extremes la relation de Nernst- 
Einstein se trouvait verifiee dans le domaine 
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hig. 3. Comparaison des coefficients de diffusion mesures 
el calculcs dans les crislaux A. 


I is 4, Comparaison des coefficients de diffusion mesures 
el calculus dans les cristaux B. 

extrinseque avec une precision de I'ordre de 
4 pour cent lorsque la concentration en 
estegalea27x 10'“ (Fig. 5). 

En resume, les resultats obtenus dans le 
domaine extrinseque ne permettent pas un 
test rigoureux de la relation de Nernst- 
Einstein. 

Par contre, dans le domaine intrinseque. 
dans lequel interviennent« la fois, les lacunes 
libres, cationiques et anioniques. et les paires 
de lacunes dans la comparaison des valeurs 


de D* et nous avons vu que chaque 
terme a pu etre determine de fa^on precise. 

Nous avons compare, d’une part les valeurs 
de D calculees a partir des mesures de conduc- 
tivite, qui, .selon I’equation (10) represen- 
tent la somme des migrations par les lacunes 
libres, cationiques et anioniques. a d'autre 



Fig. 5. Compuraison des coefficients de diffusion mesures 
el calcules dans les cristaux /) 


part, la somme des coefficients de diffusion de 
I’anion et du cation dus aux lacunes libres 
(donnee par les mesures de D Na'* el £»Ci' 
apres deduction de la contribution des paires 
(Dp)). 

Le Tableau 3 represenle quelques unes de 
ces mesures; afin d'eviter les erreurs d'ar- 
rondi, les calculs (sur ordinateur) ont ete 
elfectues avec un nombre superieur de deci- 
males. 

La valeur moyenne obtenue pour le rapport 
D*IDf„,^, calculee sur plus de cent mesures 
effcctuees entre 600 et 720“C dans douze 
echantillons differents est la suivanle; 

D* 

-^= 1,04±0,02'. 

Mall 

Enfin, il faut tenir compie des effets 
i.sotopiques puisque les coefficients de diffu- 
sion ont ete determines par les isotopes 
et ®*C1 alors que le cblorure de .sodium e.st 
constitue d’une part, de -''Na et d’autre part, 
de “Cl + ^’Cl dans le rapport 3 a 1 . 
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Tableau 3. Verifit ation de la relation d’ Einstein 


2Dp 

ffCO I), -Op 0,‘ + D, —2Dp (Nernst-Einstein) Or.ic 


721,“! 

3,10 

X 

10 

11 

7,43 

X 

10 

ID 

3.84 X 

10 

n 

3.73 X 

10- 

II 

1,03 


1.83 

X 

10 

H 

4.23 

X 

10 

10 

2.26 X 

10 


2.18X 

10- 

9 

1.035 

676,t 

1,04 

X 

10 


2.30 

X 

10 

in 

1,27 X 

10 

H 

1.21 X 

10- 

fl 

1,05 

652,1) 

5.52 

X 

10 

HI 

1.17 

X 

10- 

10 

6.69 X 

to 

III 

6,36 X 

10 

U) 

1,05 

626.9 

3.01 

X 

10 

lf» 

6,12 

X 

10 

II 

3,62 X 

to 

IH 

3,44 X 

10- 

Id 

1,05 

606,5 

1..''4 

X 

10 

111 

2.98 

X 

10- 

11 

1,83 X 

to 

1(1 

1.76 X 

10 

Id 

1.04 


Pour le calcul de I’effet isolopique nous 
prenons la simple loi en l/VM, mise en evi- 
dence experimentalement par M. Chemla(l3] 
par ) etude de la diffusion du couple d’iso- 
topes ^^Na-'’‘Na dans NaCI. sans faire inter- 
venir le faclcur de correlation dont nos ex- 
periences ne confirment pas I’existencc; on 
obtient ainsi: 


■’7) = 



“/) 


soil: 


ir = 


el: 


D -=v''i)+\ 'y) 


3 

4 




Soil; 


D = 1 .007 "*/) 


et finalement, compte tenu des efl'ets isotopi- 
ques, le rapport moyen D*/Dp„u prend la 
valeur: 

D* 

-^~= 1,02 ± 0 , 02 . 


6. CONCLUSION 

II ressort de ce travail que I’etude de la 
validite de la relation de Nernst-Einstein et de 
I’intervention des effets de correlation dans 
les halogenures alcalins necessite un examen 
approfondi de tous les mecanismes qui par- 
ticipent aux processus de transport. En par- 


ticulier. notre attention doit etre portee sur 
les mecanismes elementaires qui, par leur 
nature, peuverit apporter des ecarts, c’est a 
dire essenliellement la diffusion par paires de 
lacunes et par associations cations bivalents- 
lacune cationique. 

C’est grace a des mesures rendues tres 
precises par une technique elaboree que nous 
avons pu presenter une synthese de I’en- 
semble des resultats experimcntaux portant 
sur les processus de transport: autodiffusion 
des anions et des cations, conductibilite elec- 
Irique et nombres de transport, ('es mesures. 
associees a notre methode de production de 
cristaiix dopes de concentrations bien con- 
mies, nous ont permis de presenter un 
ensemble coherent des valeurs thermo- 
dynamiques rendant compte de toutes les 
grandeurs experimentales obtenues. 

Pour resumer le chemin suivi dans ce de- 
veloppement thermodynamique, nous nous 
contenterons de rappeler les etapes qui ont 
conduit a la determination de chacune de 
ces valeurs. 

( 1 ) I ,es mesures de conductibilite et de 
coefficients d'autodiffusion dans le domaine 
extrinseque de cristaux dopes ont permis de 
calculer I’enthalpie de migration Hm^. 

(2) Cette valeur portee dans les mesures 
des coefficients d’autodiffusion du cation 
dans le domaine intrinseque a permis d’attein- 
dre une premiere valeur approchee de I’en- 
thalpie de formation d'un couple de lacunes. 

(3) Par comparaison des coefficients d’auto- 
diffusion du cation dans des cristaux dopes, 
nous avons pu calculer I’entropie de formation 
d’un couple de lacunes. 
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(4) L'etude de la diffusion de I'anion dans 
des cristaux dopes a mis en evidence I’inter- 
vention d’un produit de solubilite qui pro- 
voque une diminution du nombre de lacunes 
anioniques libres lorsque la concentration 
des lacunes cationiques augmente. En outre, 
la variation du coefficient de diffusion de I’an- 
ion avec la concentration en dopant montre 
la necessite de faire intervenir un processus 
par paires de lacunes et permet le calcul du 
coefficient de diffusion par paires. 

(5) 11 devient ainsi possible, compte tenu 
de tous ces processus elementaires, d’aboutir 
a un examen approfondi de la validite de la 
relation de Nernst-Einstein dans les cristaux 
ioniques. 

Les calculs ainsi developpes, legerement 
corriges de Teffet isotopique du a I’emploi 
de et "*C1 aboutissent a un ensemble de 
valeurs telles que; 

1 ,00 « « 1 .04. 

Ce resultat, afin de trouver sa pleine si- 
gnification. necessite une discussion appro- 
fondie de la precision avec laquelle il est 
obtcnu. Cette discussion doit porter sur les 
mesures de D*. et T. Nous avons vu 
dans le chapitre des methodes experimentales 
comment nous avons tente d’obtenir la plus 
grande precision possible sur T de fagon a 
determiner au mieux les valeurs de D et a en 
valeur absolue; D'autre part. I’expression qui 
nous interesse est le rapport ; rap- 

pelons qu'afin d’eliminer I’influence de la 
temperature, les mesures de D et o- ont ele 
effectuees au moyen de cellules et de methodes 
de mesure de la temperature identiques. 

La precision sur les mesures des coeffi- 
cients de diffusion a ete anterieurement dis- 
cutee[26]. Grace en particulier au haut degre 
de perfectionnement de la technique de de- 
coupage, I’erreur sur D* est egale a ± 1 pour 
cent. 

En ce qui conceme la^onductibilite elec- 
irique, I’appareillage donne une precision 
superieure a 1/1000 sur les valeurs des resis- 


tances. Cependant les mesures effectuees d’un 
echantillon a I’autre montrent des fluctua- 
tions de ± 1 pour cent. La raison de cet ecart 
provient de I’erreur sur la determination des 
dimensions du cristal, erreur egale a 0,02 mm. 
Les echantillons etant des parallelepipedes 
de dimensions moyennes: 10x10x2 mm, il 
en resulte une erreur de 1 pour cent dans la 
determination de tr = (HR) (US ). La valeur 
de cet ecart est par ailleurs concretisee par 
la difference entre les masses des echantillons 
obtenues. d'une part, par pesee et. d’autre 
part, par application de la relation m = p x 1 x 
5. difference de I’ordre de 1 pour cent. 

En conclusion, le rapport D*IDciie. est de- 
termine avec une precision de ±2 pour cent, 
bien en accord avec I'ensemble des mesures, 
et prend ainsi la valeur: 1 .02 ± 0.02. 

Or, la theorie des correlations prevoyait 
pour ce rapport la valeur de 0,781 5. 

Par consequent, on peut affirmer que dans 
le cas du chlorure de sodium, la relation de 
Nernst-Einstein est bien verifiee. sans intro- 
duire le facteur de correlation. 

La theorie des correlations telle qu'elle a 
ele etablie par Le Claire et Lidiard[23) est 
mathematiquement irreprochable; puisque 
nos resultats experimentaux aboutissent a la 
verification de la relation de Nernst-Einstein 
sans I’intervention du facteur de corrda- 
tion. nous devons reexaminer le modele sur 
lequei est fondee cette theorie. 

La theorie du mecanisme de diffusion par 
lacunes represente les mouvements dans le 
reseau par une succession de ’photographies' 
sur lesquelles les ions, et par consequent les 
lacunes sont siluees aprb chaque saut aux 
noeuds du reseau. Ce modele rigide, ou les 
ions et les lacunes sont discernables, conduit 
a la correlation des sauts successifs d’un ion 
marque, 

Afin de rechercher un modele ou n’apparais- 
senl pas d’effets de correlation, il faut ad- 
mettre. soit un mecanisme interstitiel que les 
calculs theoriques d’energie d'activation ont 
repousse, soit un mecanisme lacunaire moins 
rigide dans le temps et dans I’cspacc; on pour- 



1220 


h. HKNIERE. M. BENIERE et M. CHEMLA 


rail ainsi envisager les deux hypotheses sui- 
vantes; 

(1) II est raisonnable de penser qu’a courte 
distance les ions vibrent en phase, ce qui rend 
probables les successions de quelques sauls 
colineaires dont I’effet est d’eloigner la lacune 
qui vienl de permettre le saut de i'ion marque, 
rendant ainsi plus aleatoire son deuxieme 
saut. 

(2) I 'image representant la lacune comme 
an volume vide parfaitement centre sur un 
noeud du reseau est en contradiction avec la 
relaxation des ions, Nachtrieb ft iil.\21\ 
supposent meme que, dans les metaux, le 
petit volume englobant la lacune et lesatomes 
voisins est aussi desordonnc que duns I’etat 
liquide. Nos resultats scmblent indiquer que 
dans le cas du chlorure de sodium, il n'cst pas 
possible dc fixer la position des ions au voisina- 
ge de la lacune. Si on suppose ainsi la lacune 
delocalisee dans one petite region du reseau. 
le nombre de sauts possibles dans le reseau 
du chlorure de sodium pourrait etre tres 
supericur a 12. ce qui conduirait a one de- 
correlation dessauts. 
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THERMAL ANNEALING OF IRRADIATED LITHIUM 

HYDRIDE-II 

A PROPOSED MECHANISM^ 

H. R. LEIDER 

Lawrence Radiation Laboratory. University of California, Livermore. Calif. 94550. U.S.A 

{Received I \Aiigiisl in revised form \2 November 1969) 

Abstract- Radiation causes considerable internal decomposition of lithium hydride, ultimately 
resulting m gross swelling and formation of bubbles of hydrogen and panicles of metallic lithium. 

When irradiated LiH is healed, stored energy is evolved as the free lithium and hydrogen back-react 
to form LiH . A mechanism is proposed that describes the back-reaction as proceeding by H., molecules 
redissolving' in the lattice, and then migrating to Li particles, where recombination occurs. An 
expression is developed that relates the size and the concentration ol the hydrogen bubbles to the 
lemperanire characterizing the release of the stored energy The data are show n to be consistent with 
this model 

Irradiation results in substantial decompo- ‘bubbles', causing back-reaciion. In such a 
sition of LiH into Li metal aggregates and process either the bubbles or the Li 
bubbles! 1-4], Measurements of stored energy aggregates might be mobile. Likewise, the 
yield values which are consistent with the back-reaction could be due to the ‘re-solution' 
assumption that thermal annealing causes a of cither Ho or Li. or both, in the lattice, 
back-reaction between the 'free' Li and followed by their migration as atoms or 
to form LiH. Assuming the reaction to be molecules to recombination sites. Combina- 
tions of bubble motion and molecular diffusion 
LL|-f- JH.,,., ^ LiH(,.). can also be considered. However, one experi- 

mental finding indicates a particular choice of 
the energy found is ~ 20 kcal/mole(5). which model. When examined by electron micro- 
is close the standard heat of formation of scopy. thermally annealed crystals (those in 
LiH [6). which the back-reaction is complete) are seen 

A model for the recombination process can to retain individual cubic voids, just as are 
be developed that combines the results of found in irradiated material examined before 
several independent experiments to explain annealinglS], What is more, their edges and 
the stored energy release; namely, pulsed corners are still sharp and well-defined, 
NMR measurement of ‘free’ Li and HJIJ. without marked coalescence. This observation 
swelling due to irradiation! 1], electron micro- inconsistent with a process involving 
scope observation of bubble sizes[4] and the bubble collisions or with the back-reaction 
stored energy measurements themselve.sI5I. occurring at the site of H. bubbles, as would 

Several possible mechanisms for the back- be expected if Li were to migrate. Thus the 
reaction can be readily visualized. For possibility that the hydrogen leaves the 
instance, diffusion of bubbles!?] may result bubbles and then diffuses to Li sites where 
*n collisions between H^ bubbles and Li back-reaction occurs seems more likely. 

4 Consider the following assumptions; 

’W^rformed under the auxpice.s of ihe U.s. ( > ) Stored energy measured by differential 
Atomic Energy Commission. thermal analysis ( DT A) represents the energy 
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released from the back-reaction of ‘free’ 
hydrogen and lithium produced by irradia- 
tion[5]. For simplicity we will regard the 
stored energy as being entirely released at the 
temperature of the principal peak of the DTA 
spectrum. T^. This is appropriate if the 
energy release at is actually proportional 
to the total stored energy. 

(2) The hydrogen which is observed as a 
‘motionally-narrowed' species by pulsed 
NMR exists as bubbles of gas[.T41; the 
lithium occurs as small, metallic aggregates 

[1-31. 

(.1) The observed macroscopic swelling of 
irradiated l.iH is due entirely to hydrogen 
bubbles: the lithium aggregates form only 
when free volume is availablcf 1). 

If the over-all back-reaction mechanism can 
be described as a permeation process, then 
the rate depends on the product of the ratc|91 
at which H. molecules 'dissolve' in the lattice 
and the rate at which they subsequently 
migrate to lithium sites. 

The rate of solution will depend on the 
frequency of collision of H.. molecules with 
the bubble walls, the total surface area 
associated with the bubbles, and an exponen- 
tial term containing the heat of solution: the 
rate of migration will depend on the diffusion 
coefficient and the distance the molecules 
must migrate. Since the l.i aggregates have 
not been directly observed, it is assumed that 
their distribution is the same as that of the 
hydrogen bubbles, so that the distance 
between hydrogen and lithium aggregates is 
approximated by the cube-root of the bubble 
concentration. Then the rate is 


[H,] ^ ^ 

htJ 




(I) 


and 


<f> = 


(1-f AF) 


p'^V'^exp 


(- 




RT, 


( 2 ) 


where A F = fractional volume increase on 
irradiation, 

r = average bubble edge length, 
p = bubble concentration; p = AF/ 
H(l-I-AF) from Assumption 3 
above, 

(Hsl = concentration of ‘motionally- 
narrowed’ hydrogen, 

T„ = temperature of the principal 
DTA peak, 

AH, = heat of solution, 

A Wm = activation energy for migration. 


The first term in brackets in equation ( I) is the 
rate of solution; in the second bracket is the 
expression for the rate of migration [i.e. 
(D!x^) X (]//)]. 

The rate of energy released at T„ is: 


d( 


X 


(j>=kAT, 


where A T = temperature rise at Tp. 

From Assumption (1). 

AT(1 + AF) . . 

— — = a constant. (3) 
1 '*2j 

This quantity is constant to within a factor 
of ~ 2 for all the measurements. It is plausible 
to attribute at least part of the deviation from 
constancy to experimental causes. Differ- 
ences in heat transfer properties from sample 
to sample because of imperfect packing of 
powdered samples can affect AT considerably. 



AT(l-bAF) d'(l-bAF) 

(4) 


[H,] [H,] 

and 

C = ^r'p^'»T/^exp(-^) 

(5) 

where 

AW = AH„ + AW„ 


so that 
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Figure I shows that this functional depen- 
dence is followed reasonably well. Table I 
lists the measured quantities used to calculate 
Q for Fig. 1. If the activation energy for 
migration of molecules in LiH is similar to 
that for *He, namely = 30 kcal/mole[10], 
then the heat of solution for Hj in LiH would 
be AH, ~ 50kcal/mole; however, at the 
moment this is mere conjecture. 

In the above discussion the hydrogen is 


always considered to be molecular. This is 
justified by the fact that in irradiated LiH, 
the only paramagnetism observed is that 
associated with Li metal aggregates or F- 
centers[2, 11). This is so even during irradia- 
tion at 80°K. If atomic hydrogen did exist, 
even transitorily, it might be expected that 
these atoms could have been seen by a 
technique as sensitive as electron spin 
resonance. Moreover, the L-type optical 
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Table 1. The data used to calculate the quantities plotted in Fig. \. The terms are 

defined in the text 


(Ref.'l.';]) 

(°K) 

AC 

(Rcfs.ll,8|) 

(cm-'/cm'l 

fHJ 

(Refs.|l.8|) 

[HE ( IIP' molecules/cm*) 

r 

(Ref.18]) 

(A) 

P 

(bubbles/cm-’) 

Dose 

(Refs.[l,8]) 

(lOVad.) 

649 8 

0-046 

1-29 

80 

8-5 X 10'“ 

1-2 

673 2 

0-097 

2 15 

205 

1-0 X 10"' 

7-0 

684 0 

0-064 

1-46 

2.50 

3-3 X lO'’ 

1-3 

688-8 

0-114 

2-06 

245 

6-9 X 10'* 

7-0 

693-7 

0-230 

2-63 

405 

3-2X 10'* 

4.3-0 

695-7 

(1 161 

1 72 

400 

2-2 X lO'-* 

14-3 

698 6 

0-018 

0-40 

340 

4-5 X 10’" 

0-5 

701 -S 

0-065 

1-41 

395 

1-Ox lO'* 

1 3 

708-3 

0-249 

2 20 

725 

5-2 X 10’" 

22-1 

708 3 

0 116 

l-% 

640 

3-9x 10" 

.3-2 

713-2 

0-072 

1 46 

570 

3-6 X 10'" 

1-3 

713 2 

(1-129 

1 95 

690 

3-5 X 10" 

.3-5 

721-0 

fl-I.M 

1 77 

485 

1-1 xlO’-" 

7-0 

724-9 

0 160 

1 76 

500 

1-1 X I0‘* 

7-0 

727 7 

0 104 

0-96 

1485 

2-8 X 10" 

3-6 

737 6 

0-112 

0-88 

1430 

3-4 X lO'* 

3-6 

743-4 

0-062 

102 

(4,50 

(-9X 10'-' 

25-8 


absorption bands seen in irradiated LiH have 
been interpreted as being I'rom molecular 
hydrogen trapped in the Iatlicell2|. These 
T-cenlers were found to be relatively stable 
to thermal, or optical bleaching. Analogous 
sorts of diatomic molecules are also produced 
in alkali halides by irradiation! 1 3], 

One other observation supports the idea 
that hydrogen molecules are trapped in the 
l.iH lattice. For several samples irradiated to 
relatively low doses (<.3 X 10" rad.), the 
measured stored energy was much larger than 
was expected from the amount of motionally- 
narrowed hydrogen seen by pulsed NMR[51. 
This observation can be explained by a 
requirement that ‘free’ hydrogen be present 
which is neither paramagnetic nor able to 
move. A plausible interpretation is that a 
considerable quantity of isolated H 2 molecules 
is somehow trapped in the lattice in these 
samples. 
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ANTIFERROMAGNETISM OF A y IRON-NICKEL- 
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Abstract - Long range antiferromagnetic order has been detected in a single crystal of fee he,,™- 
Ni(i i,sC’ri| I-, by neutron diffraction techniques. The anlifcrromagnelic structure resembles that of y 
manganese in that the aveiage magnetic moments in alternate (001) planes are parallel or antiparallel 
to [001]. The fluctuation of the magnetic moments exhibits short range correlation in the (001) plane. 
The moment per atom is 0-40 ±0 03 and the Neel temperature was estimated to be 2 1° ± l“K. The 
induced magnetization M(H) is not a linear function of the applied field H. but it obeys a simple rela- 
lion M- --—4 + B HIM. The result suggests that a ferromagnetic interaction exists between the in- 
duced magnetization. 


I. INTRODUCTION 

There has been a long debate on the magnetic 
ground slate of iron with the f.c.c. structure 
(yFe). Based on magnetic susceptibility meas- 
urement of a stainless steel alloy (Fe,|,„Ni„.„,,- 
Cr,, i„). Kondorsky and Sedov first suggested 
y iron to be antiferromagnetic with a Neel 
temperature of about 4fl°K[ll. The antiferro- 
magnetic spin structure of yFe was determined 
by Abrahams el al. by a neutron diffraction 
study of y iron precipitated in a single crystal 
of copper[2]. The deduced spin structure 
resembled that of y manganese[3], but with 
the spin vector inclined at about 19° from the 
normal to the ferromagnetic sheet. The 
moment per atom was 0-7 and the Neel 
temperature 8°K. These results, however, 
have been questioned [4] since the precipitated 
phase of iron in copper is not pure yFe but 
contains some copper. F.c.c. Fe-Mn alloys 
that are antiferromagnetic have also been 
investigated in order to understand the anti- 
lerromagnetism of yFe[5-7]. Neutron diffrac- 
tion studies have demonstrated that the anti- 
ferromagnetic structure consists of four 
different sublattice, each tontaining one spin 
aligned in one of the four different 1111] direc- 
t'ons[6, 7]. Recent studies of this alloy system. 


however, have revealed that the interaction 
between the manganese atom spins plays a 
more important role than that between those 
of iron atoms in determining the spin structure 
[7, 8]. Thus the magnetic properties of y iron 
cannot be estimated by simple extrapolation 
of these or related y Fe-Mn alloys. 

The iron rich f.c.c. Fe-Ni-Cr alloy which 
has almost the same composition as the so 
called ’non-magnetic' stainless steel is an- 
other y iron alloy stable at low temperatures. 
The antiferromagnetism of this alloy was 
suggested by Mossbauer effect studies[9], 
but the long range anliferromagnetic order 
had not been detected by neutron diffraction 
110 . 11 ]. 

We have studied systematically the mag- 
netic properties of the Fe-Ni-Cr alloys and 
found that the ferromagnetism of the alloys 
depends mainly on the concentration of nickel 
and that the alloy containing less than 20 al. 
per cent nickel is not ferromagnetic at 4-2°K 
[12]. The antiferromagnetism of the Fe-Ni-Cr 
alloy was therefore examined by using a single 
crystal of Feo. 7 oNin.i 5 Cri,.|v The magnetiza- 
tion was also measured to provide further 
information concerning the anomalous mag- 
netic properties of non magnetic stainless 
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steels[ll]. The results are discussed within pendence of the intensity of a nuclear reflec- 
the framework of both the itinerant electron tion. In spite of the large crystal size, the effect 


and the localized spin models. 

2. NEUTRON DIFFRACTION STUDY 
The single crystal of Fe„. 7 oNi„.,.,Cr „.,5 was 
grown by the Bridgman method. The crystal 
was cut into a cylindrical form with its long 
axis along the [1 10] crystallographic direction 
and was mounted in a low temperature cryo- 
stat on a neutron diffraction spectrometer of 
the Institute for Solid State Physics at the 
JRR-3 reactor. The crystal dimensions were 
24 mm in length and 4 mm in dia. The mag- 
netic reflections 001 , 1 10 and 1 12 were meas- 
ured with monochromatic neutrons of A = 
1-24 A in a temperature range between 2°K 
and .100“K. The contamination of the A/2 com- 
ponent in the incident beam was minimized by 
using monochromatic neutrons from the 311 
reflection of a distorted germanium mono- 
chromator. The intensity ratio of A/2 com- 
ponent was estimated to be FAX 10”'*. The 
effect of secondary extinction was evaluated 
by measuring various nuclear reflections at 
room temperature and the wave length de- 



was found to be negligible except for the 
strongest 002 line. For example the integrated 
intensity of the 110 reflection at 300°K is just 
that expected from the A/2 contamination. 

The magnetic reflections 001, 110 and 1 12 
were found at 4-2°K as shown in Fig. I, and 
indicate the existence of long range antiferro- 
magnetic order. It is noted that the line width 
of the 001 reflection is almost twice as broad 
as that of the 220 nuclear reflection. This 
reflection is clearly broader than any possible 
Bragg reflection or the resolution function at 
the 001 position, the line width of which was 
estimated from the high angle lines to be 
approximately 1-9°. The structure amplitude 
FW/)(= /(,*•( sin 2fl) obtained from the in- 
tegrated intensities of the magnetic re- 
flections as well as the nuclear reflections 
determined at 4'2°K are normalized with 
respect to the 220 reflection and are sum- 
marized in Table I. The values in the table 
are corrected for contamination of the A/2 
component. The error for the 1 1 0 reflection is 
mainly statistical, estimated from the results 

no 



Fig. I Nuclear and magnetic refleciiuns measured with fl — 2W scans at 4'2°K from a 
single crystal of Feu ;jCrj ,sNio «. 
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of two experiments, while for the other mag- 
netic reflections, the error was due mainly to 
the subtraction of the background. 


Table I. Structure amplitudes at 4-2°K nor- 
malized relative to 220 


hkl 

Kkt Sin liin 20^^ 

002 

0950 

220 

1000 

001 

2I+0-2X 10-* 

001(3° off) 

I T + OTx 10 •> 

001 (elastic)* 

0 4±0-4x 10 * 

no 

241+0-06X 10-' 

112 

1 8 + 01 X 10-' 


*001 (elastic) is the estimated value of the coherent 
elastic scattering in the 001 reflection. 


The angular spread of the 001 reflection 
suggests that there is some contribution other 
than coherent elastic scattering, such as co- 
herent inelastic scattering by spin waves or 
quasielastic scattering due to short range 
correlation. To determine whether this was so. 
the crystal was rotated by three degrees from 
the Bragg angle about the [110] axis. In this 
condition, coherent elastic scattering would 
be excluded from the peak observed with 
O-ld scans. The results are shown in Fig. 2, 
where off-Bragg-angle-reflections are denoted 
by closed circles. The integrated intensity of 
this reflection is listed as 001 (3° off) in Table 
1 . The difference between this reflection and 
the total 00 1 reflection is found to be almost 
the same order of magnitude as the Kl2 com- 
ponent of the 002 reflection. Therefore the 
coherent elastic scattering, if it exists, contri- 
butes at most one third of the total 001 reflec- 
tion. 

The temperature dependence of the mag- 
netic reflections. 1 10 and 001 were measured 
from 2 to 100°K and the results are shown in 
Fig, 3. The peak intensity of the 110 reflec- 
tion decreases monotonically with increasing 
temperature. The Neel temperature is esti- 
mated from the figure tc^be 21±1*K. The 
rate of decrease of the integrated intensities 
with increasing temperature becomes slower 



0 I 1 1 1 1 1 ^ I L_ 

17 18 19 20 21 22 23 24 

- 281 *) 

Fig. 2. Bragg(O) and olT-Brdgg (0)001 refleclionsat4’2°K. 
I'he olT-Bnigg reflection was measured with 8—28 scans 
after rotating the crystal 3 deg from the Bragg position 
around lhe|l 10) axil.. 

than that of the peak value as the Neel tem- 
perature is approached, as shown in Fig. 4. 
where the sublattice magnetization estimated 
from both the peak value and integrated in- 
tensity of the 110 reflection is plotted against 
temperature on a normalized scale. In con- 
trast with the 1 10 reflection, the temperature 
variation of the peak intensity of the 001 re- 
flection is quite anomalous. It decreases 
slightly as the temperature increases from 2 to 
20PK, but then increases sharply, followed by 
a gradual decrease to lOff’K. This tendency 
is almost the same as for the integrated in- 
tensities which were examined at 2. 4-2 and 
77°K. This temperature variation is character- 
istic of critical scattering. Therefore the main 
part of the 001 reflection is concluded to be 
due to short range correlation. Such quasi- 
elastic scattering seems to exist also at the 1 1 0 
position above the Neel temperature, as can 
be seen from Figs. 3 and 4. 

3. ANTIFERROMAGNETIC STRUCTURE 
The presence of the 001, 110 and 112 
magnetic reflections suggests that the spin 
structure of this alloy is given in general by 
Fig. 5. This is the antiferromagnetic structure 
proposed for yFe precipitated in copper. If 
we assume that the moment is inclined from 
the [001] axis by S in the plane which makes 
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I IS!. 1 I cmperaliiie varialiori ol the peak inlensilie‘s ol 1 10 and 
001 relleclKins The peak intensioe'. aie not eorreeted lor A/2 
contaminalum. 




I iu. .T Cicneial spin structure ofyFe 


Fig -t I empcratiiic variation of the suhlalticc moment, 
estimated Irom holh peak and integrated intensities ofthe 
I to reflection. 

an angle of f from the (1 10) plane, the mag- 
netic structure amplitudes jFihk/)!^ of the 
three magnetic reflections are given by 

|F(0()l)|' = v4 jsin'fl 

|F( 1 1 0)p = /I -y (cos^fy + sin^fy cos^f ) 

|F( 1 1 2)1^ = /< y f 1 - 1 (sin f) sin f 

- vTcos 


where A is (e^ylmL~)-S-p and the antiferro- 
magnetic domains are assumed to be distri- 
buted equally in three principal crystallo- 
graphic directions. The assumption seems to 
be reasonable for our crystal, because no 
anisotropy was detected by magnetic sus- 
ceptibility measurements for this single crystal. 
By adopting the magnetic form factor of iron 
determined foryFe-Mn alloys[7], the average 
magnetic moment 25 and the angle of inclina- 
tion 0 are evaluated from the 110 and 112 
reflections to be 0-40±0 03 ju® and 0 degrees 
respectively. The angle 6 estimated from the 
001 reflection is 4 ±4°. The angle ^ could not 
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be determined for the spin system with such a 
small value of 0. The observed intensities are, 
therefore, consistent with the conclusion that 
the magnetic moment aligns almost parallel 
or antiparalle) to the [001] axis. 

4. MAGNETIZATION MEASUREMENTS 
The magnetization for a single crystal of 
Fen. 7 oNin.) 5 Cr „,5 was measured by means of 
a vibrating sample magnetometer in a tempera- 
ture range between 2 and 300° K. The crystal 
used in the experiment was cut from the same 
ingot from which the neutron diffraction 
crystal was obtained. The hysteresis loop 
along the [100] axis measured at 4-2°K in 
magnetic fields up to 20 kOe is shown in Fig. 
6. No anisotropy of magnetization was 
detected. 


decays with time at 4-2°K, This can be attri- 
buted to the ferromagnetic small clusters 
existing parasitically in the crystal, the origin 
of which may be due to the inhomogeneity of 
the specimen. The specimen was cooled to 
4-2°K in a magnetic field through the Neel 
temperature, but no shift of the hysteresis 
was observed at 4-2°K. In order to determine 
the bulk magnetic properties, the magnetiza- 
tion measurements were extended up to 
magnetic fields of .SO kOe with an automatic 
extraction type magnetometer incorporated in 
a superconducting magnet apparatus. The 
result of this experiment is illustrated in the 
inset to Fig. 6. It was found that the magnetiza- 
tion M obeys a simple relation 

M'^ = -A+BHIM (1) 




42‘K 



Fig. (t. Flysiteresis loop of a single crystal of Fe, ;oCr„ uNu, u measured at 
4-2°K in the (001) axis by means of a vibration s.imple mugnciomcler The 
magneti7ation curve m (he lower part was measured with an exiraction 
type magnetometer. 


In contrast with the ordinary antiferro- over a whole range of the field studied as 
magnetic substance, the crystal has a reman- shown in Fig. 7, where A and B are constants, 
ence at 4'2°K and the magnetization shows In Fig. 8 are plotted the temperature varia- 
a slight tendency to satuTate. The remanence tions of the magnetization in two magnetic 
decreases rapidly with increasing temperature fields of 20 and 3 kOe. A hump was found 
from 2 to 4-2°K and disappears above 7°K. It around the Neel temperature in the magnetiza- 
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M(emu/g)o Tb 



lion at 3 kOe, but the magnetization at high 
fields decreases almost monotonically with 
temperature without exhibiting any distinct 
peak at the Neel temperature. 

5. DISCUSSION 
( 1 ) Magnetic structure 
The antiferromagnetic structure of non 
magnetic stainless steel more closely re- 
sembles that of y iron precipitated in copper 
than that of y iron-manganese alloys in the 
sense that the observed 001 reflection is not 
extremely small compared with the 110 mag- 
netic reflection. Careful investigation of the 


001 reflection, however, suggests that the 
main part of the reflection is not due to co- 
herent elastic Bragg scattering. 

The cross section d"o-/dlid£ for neutrons 
.scattered magnetically from a wave vector 
k,i to a wave vector k and from an energy Eo 
to an energy E' is in general proportional to 
the response function S(Qtij). Q and w are 
defined by 

Q = k„-k 

and 

fio) = 
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S(Qa>) is the Fourier transform over space and 
time of the spin pair correlation function, and 
is given for the cubic system by 

S(Qa>) = (1 /“exp(iQR 

— CD 

-iW)dr<5„“(0)5„“W), (2) 

where a denotes the cartesian coordinates x, 
y and z, and Q„ the a-direction cosine of Q. 

Equation (2) shows that only the spin pair 
correlation on the plane perpendicular to the 
scattering vector Q contributes to the mag- 
netic scattering. Since no appreciable Bragg 
scattering was observed at the 001 position, 
the most probable magnetic structure is that 
the average magnetic moments are aligned 
parallel to the [001] axis (which we take as the 
r axis), but the moments have a component on 
the (001) plane (x or y component) which 
correlate with neighboring spins in short range 
order, This correlation represented by 
(5i,'^{0)5/,^(t)) or (So^lOlSfl"!/)), produces the 
quasielastic scattering at the 001 position. 
The correlation is found to persist up to 90°K. 
■Spin waves propagating in a direction per- 
pendicular to the spin axis (the z axis) also 
contribute to the 001 reflection below the Neel 
temperature. In our experiment we did not 
make an energy analysis, therefore, it is not 
clear whether the 001 reflection contains any 
coherent inelastic scattering by spin waves. 

It is noted that if the total intensity of the 
001 reflection is assumed to be due to coherent 
ela,stic scattering, the angle of inclination 0 
estimated from this reflection is 14-3°. This 
value is very close to the value of »= 18-7® 
determined for iron precipitated in copper 
[2J. It is doubtful, therefore, if the 001 reflec- 
tion of y iron precipitated in copper is really 
due to coherent elastic scattering. The spin 
structure proposed for yFe is hard to under- 
stand from the theoretical point of view. The 
presence of such a diffuse 001 reflection 
seems to be characteristi# of the antiferro* 
magnetism of y phase alloys. A broad 001 
reflection was detected by neutron diffrac- 


tion in yMn-Pd alloy [13], yMn-Cu alloys 
[3] and yFe-Mn alloys [14], 

The sublattice magnetization decreases 
with increasing temperature more rapidly 
than the Brillouin curve with 5 = i as shown 
in Fig. 4. The tendency is the same as that 
for the temperature dependence of the iron 
atom moment in yFe-Mn alloys [7] and may 
be considered characteristic of the iron atom 
moment in the f.c.c, structure, Abrahams et 
al. used the Brillouin function B 1/2 to estimate 
the Neel temperature of y iron from the ob- 
servations made at 4-6, 4-2 and l■4°K. It is 
possible that they underestimated the Neel 
temperature. 

(2) Magnetic properties 

The magnetic properties of antiferromag- 
netic yFe-Ni-Cr alloys are different from 
those of typical antiferromagnetic alloys such 
as Cr-Mn or Fe-Mn alloys. The magnetiza- 
tion curve shows a tendency to saturate in a 
high magnetic field and is found to follow 
equation (I). This relation has been reported 
to hold either for a ferromagnetic substance 
near the Curie temperature! l.S] or for the case 
where the induced moment M is small com- 
pared with the saturation magnetization. The 
latter situation is realized in weak band ferro- 
magnetism [16] such as ZrZnJl?]. The fact 
that the extrapolation of gives a negative 
value (Fig. 7) indicates that the substance as a 
whole is not ferromagnetic. It also excludes 
the possibility that the observed magnetiza- 
tion is due to ferromagnetic impurities in 
the sample. 

It is important to investigate under what 
conditions this relation holds fpr an anti- 
ferromagnetic substance. The free energy 
F{H,T) of the antiferromagnetic system in a 
magnetic field H and temperature T can be 
expanded in a power series of the relative 
induced magnetization 8MlM^ (cf. Appendix) 

F(H,T) = F(.0,0)+^A(T)(^' 



1232 


Y ISHIKAWA, Y. ENDOH and T. TAKIMOTO 


4 \MJ 2 


+ 4 ^( 7 ') 




(3) 


where a is a magnetic interaction coefficient 
between neighboring induced magnetic 
moments and Xn tbe magnetic susceptibility 
of the non-interacting system respectively. 

is the saturation magnetization of the 
system. B(T) is usually of the same order of 
magnitude as A{T) as shown in the appendix. 
When is small, expansion terms higher 

than can be neglected and we obtain 

a relation 


(SMV- 




B(T) 


H- 


{A - 


BCD 


hM, 


(4) 


using the equilibrium condition = 0. 

Therefore the linear relation between (fiM)- 
and HISM generally holds, when SM/Mo •'< I. 
For this relation to be appreciable, the inter- 
cept of the SMVs. /y/8W line on the ordinate, 
which is given by —[{A-aMti‘]IB\-MC‘, must 
be of the same order of magnitude as SMI 
Ihis requires that (A -aM/)lB < I, because 
bMlMu ■« 1. Since A is of the same order of 
magnitude as it is essential that a is positive 
and is close to l/x„. We therefore conclude 
that there exists a positive interaction be- 
tween the induced magnetization in the 
antiferromagnetic Fe-Ni-Cr alloy. 

Two models can be proposed to interpret 
the magnetic properties of this alloy. One is 
an itinerant antiferromagnetic model and the 
other is a localized spin model in which two 
types of magnetic moments exist. The mag- 
netization process was calculated for both 
models and the results are shown in Appendix 
1 and II. In the itinerant electron model, Xo 
is the Pauli paramagnetic susceptibility and is 
proportional to the density of states at the 


Fermi surface D(ej.). a is the intra-atomic 
interaction coefficient between the itinerant 
electron spins. Therefore a is always positive 
and (1/xo— a) can be small and positive de- 
pending on the density of states at the Fermi 
energy. When (l/xo“«) > 0, the ferromag- 
netism does not appear even if a is positive. 
The antiferromagnetism occurs when the 
splitting of the band due to antiferromagnetic 
order reduces the whole energy of the system 
118], As the ferromagnetism appears with a 
slight increase of the electron to atom ratio 
in the alloy, it is reasonable to suppose that 
(l/x«“«) for this alloy is .small. The magnetic 
properties of the Fe-Ni-Cr alloy are com- 
patible with a band antiferromagnetism in 
which the Stoner condition for the appearance 
of ferromagnetism is just broken. 

Another model consists of localized 
moments ut, loosely coupled with the anti- 
ferromagnetic lattice having moments m„. 
The localized moments have a positive inter- 
action between themselves, but they align 
antiferromagnetically in zero field. The mag- 
netization process of this system was cal- 
culated for a simple case in the Appendix. It 
is found that the relation (4) also holds in this 
case. (l/xfl-«) which is equal to (mud,,,- 
2m,./ii)/nmi (for notations see Appendix) is 
positive and is also expected to be small for 
this alloy. Actually this model corresponds 
to the case where the moments in the iron 
rich regions form an antiferromagnetic lattice 
due to the negative iron-iron interaction, 
while the ferromagnetically interacting 
moments in the nickel rich regions, which 
are weakly coupled with the antiferromag- 
netic regions, behave just as the localized 
spins in a magnetic field. The nickel rich 
regions must not be ferromagnetic clusters 
that can be saturated in magnetic fields of 
50kOe. If the ferromagnetic regions have 
appreciable coupling with the antiferromag- 
netic lattice, then field cooling through the 
Neel temperature may induce unidirectional 
anisotropy [ 1 9]. This is not the case for this 
alloy. 
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The temperature dependence of the mag- 
netization in both low and high fields can be 
interpreted in terms of either model. We 
cannot determine from the magnetic proper- 
ties which model is appropriate for this alloy. 

It is finally noted that the magnetic moment 
induced in a field of 50 kOe is about 0- 1 
per Fe„. 7 Ni„., 5 Cr(|.,ii. Considering that the 
saturation magnetic moment is much higher 
than this value (8W/Mo 1), we cannot attri- 
bute the induced moment to the nickel atom 
alone. Therefore it is considered that the 
antiferromagnetic structure is modified by 
the external field of 50kOe in any model. It 
should be very interesting to make neutron 
diffraction and Mdssbauer effect studies of 
this alloy in high fields, and both of these 
investigations are in preparation. 


17. OGAWA S. and SAKAMOTO N., J. phys. Soi 
Japan 22. I214(l%8), 

18. YAMASHITA J,, ASANO S. and WAKOH S„ 
J.appl.Phvi.39. 1274 ()%8) 

19. KOUVELJ. S..J.Phys.Chem. Solids 24,795(1963). 
20 SHIMIZU M .Proc.phyx.Soc. 86. 147(1965), 

APPENDIX I 

In ilincrant untirermmagnetism. the expansion of the 
free energy in a power senes of the induced moment can 
be done in the same way as in the ease of paramagnetism, 
which has been reported by several authors |1 6], [20|. 
According to their results. /KO) and B(0) are given by 


«0, = yW„), = 1.4(0, 
"""’D(t,) ■ 
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where D(€, ) is the density of stales al the anlifcrromag' 
netic Fermi energy and />”’(eD the mth derivative, All 
other notations are the same as those in the Ref 116] 
For a parabolic hand, DM is calculated lo he 2/27. 

APPENDIX II 

For the case of a locali/ed spin sysiem. we consider a 
simple model in which the localized moments m, are 
weakly coupled wiih ihe anliferromagneiic lattice com- 
posed of the moments as indicated in Fig, 9 A mag- 
netic field IS applied in a dircclion perpendicular to the 



Fig 9. Simple localized spin model proposed lo explain 
Ihe case where relalion (4) holds for the antiferromagnelic 
system. 
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antiferromagnetic axis and the antiferromagnetic structure 
is assumed to be undisturbed by the field. The magnetic 
energy of the system is written by 

T = - nm,H cos (I • nJm fn„nii sin W — - J,i»i,'cos 2» 

= — nfiniiH — — (8m, )’ — /t/nISm,)* 

+ ( 6 ) 

where 7oi and 7,, aie the interaction coefficients between 
m, and m,, and between two moments m, respectively, 
and n is the number of the localized moment. 

When induced magnetization 8M(= nbm,) is sufficiently 
small compared with the saturation magnetization 


(=nm,). the energy E can be expanded as a series of 
and the relation 

u _ , , - , jm\ , 1 , (hMv 

H |7,„m„ 27„m,)y +-7.,m.[— j 

is obtained, using the equilibrium condition SEId&M = 0. 
This is the same relatton as equation (4). BIA is 1/2 in this 
case. 

This argument can be extended to the general case 
where many different localized spins exist and the anti- 
ferromagnetic spins mj also contribute to the induced 
magnetization HM. The result is that equation (4) holds 
to the extent that (Sm,/m,)^ can be neglected for any kind 
of localized moment. 
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Abstract-Four compounds of the general composition 12236, have been studied to ascertain their 
thermoelectric properties. Measurements were performed on pressed and sintered samples. The com- 
pounds were identified by their Debye-Scherrer pattern and metallographic examination confirmed 
the presence of a single phase Determinations were made of the thermoelectric power, the electrical 
conductivity. Hall coefficient, optical reflectivity and microhardness. The results of this investigation 
indicate that the bandgap in these semiconductors is less than 0-5 eV. The electronic properties are 
discussed in terms of alloy and ionized impurity scattering 


1. INTRODUCTION 

In RECENT years there has been considerable 
interest in the crystal chemistry of ternary and 
quaternary compounds! 1-3). It is only of late 
that papers describing the properties of such 
compounds have appeared[4]. These papers 
have been restricted mainly to ternary com- 
pounds and literature on quaternary com- 
pounds is virtually nonexistant. This investiga- 
tion is concerned with the thermoelectric 
properties of four quaternary chalcogenides 
belonging to the class 12236,. Crystal chemical 
considerations of these compounds have been 
elucidated by Parthe[5]. Four compounds 
were chosen on the basis of range of lattice 
parameter and thermoelectric hot probe 
measurements. 

The purpose of the investigation is twofold: 

(1) to elucidate the properties of these 
materials in order to understand the nature 
of their conductivity; 

(2) to determine their potential usefulness 
as thermoelectric energy converters. 

( hosen for study were AgCd 2 lnTe„ CuCdj- 
Infe,, CuZnjlnTe, and CuCdjInSe,. Meas- 
urements were made to determine the thermo- 
electric power, electrical conductivity, Hall 


coefficient, optical reflectivity and microhard- 
ness. In this manner these compounds could 
be characterized and possible correlations 
with structure could be sought. On the basis 
of these measurements, determinations of the 
Fermi energy, carrier concentration, effective 
mass and scattering mode were made for 
the telluride compounds. Bipolar conduction 
accounts for the properties of the selenide 
compound. Due to the extremely low con- 
ductivities exhibited by all of these compounds, 
they would not make suitable thermoelectric 
energy converters. 

2. EXPERIMENTAL PROCEDURES 
(a) Preparation 

Stoichiometric amounts of the constituent 
elements were weighed and placed in a vycor 
capsule. The purity of the constituents is 
shown in Table 1. The capsule was then 
evacuated to a pressure of approximately 1 O'® 
torr and scaled off. Following this evacuation 
the sample contained within the vycor capsule 
was placed in a muffle furnace initially at room 
temperature and the controller set for a tem- 
perature above the melting point of the com- 
pound, This was usually in the 850-9.50°C 
range. The capsule was held at this elevated 
temperature for 4 hr during which time the 
capsule was periodically agitated to enhance 
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Table 1 . Elements used in compound prepara- 
tion and their ma jor impurities 


FIt-incnl 

Piirily 

Supplier and 
slock iiLimhcr 

Silver 

yg im'/, 

< a S ppm 

Cu 2 ppm 

rSPI K-4700 

Cadmium 

(powder) 

WW'r 
til 1 ppm 

Mj; ! ppm 
l*h 2 ppm 

I SPI K-y77M 

( upper 
(wile) 

w-gw'.; 

Sh 1 ppm 

As 1 ppm 

1 SPI k M32I- 

Indiiiiii 

(powder) 

gy 9'w.scr 
( 11 1 ppm 

I’L 1 ppm 

1 1 1 1 ppm 

1 SPI KOXItk 

Selenium 
(powdei ) 

yy yyyr,' 

1 e 1 ppm 

1 SPI K--l(>62 H 

1 elliinum 
(lump) 

yy.yyyyr.j 

S dace 

( ()MIN( ()HPM-58(iO 

/me 

(powdei) 

('d IKICC 

I SPI K-ViOl K 


mixing of the elements. At the end of this 
period, the capsule was quenched to 0°(.' in 
an ice-water bath. The solid ingot was re- 
moved from the tube and crushed into a fine 
powder. The powder was pressed to form 
cylindrical samples from which the various 
experimental shapes could be cut. These 
cylindrical pellets were then placed in a vycor 
tube and sealed off in the manner mentioned 
above. They were then annealed at a tem- 
perature below the melting point (usually 
750°C) for 24 hr. Following the 24 hr period, 
the samples were allowed to furnace cool. 
This technique resulted in single phase, poly- 
crystalline samples having (he proper cry- 
stallographic parameters and reproducible 
electrical properties. 

Lattice parameters were obtained by the 
Debye-Scherrer technique. The values of 
the lattice parameters obtained in this investi- 
gation were in complete agreement with those 


found by Parthe et a/.[6]. It was not possible 
to observe superstructure lines in the powder 
patterns. This is due to the fact that the atomic 
scattering factors of all of the elements are 
quite close. It is therefore not known whether 
the structure is a cubic zincblende_structure, 
F4.3 m, or the stannite structure, 142 m. The 
indexing of the pattern agrees with both struc- 
tures. In the cubic structure there is a single 
formula unit (12236.,) in a cubic unit cell of 
size a. In the stannite structure there are two 
formula units in a cell with a c dimension of 
2a. The value of the lattice parameters, found 
in all of the single phase compounds is given 
below: 

AgCd.2lnTe,, 6-438 A 
CuCdilnTcj 6-336 A 
CuZnolnTe, 6- 1.33 A 
ruCd2lnSe4 .3-934 A. 

Metallographic investigation of the sinter- 
annealed powder specimens indicated that all 
of the compounds formed in the above fashion 
were single phase and had an extremely small 
grain size (less than 1 p,]. Various attempts 
were made to grow single crystal specimens, 
but these all resulted in two-phase materials 
having powder patterns which could not be 
indexed. Only the rapid quenching from the 
liquid provided single phase compounds with 
the proper lattice parameter. Apparently 
there is a segregation of components in the 
liquid under slow cooling. This precluded 
single crystal growth by either the solution 
growth or directional cooling means. 

The pellets of the compounds that were 
formed from the pressed and sintered powder 
were cut into the various shapes necessitated 
by individual experiments with the use of a 
Brown and Sharpe diamond slicing wheel. In 
this manner it was possible to achieve the 
maximum sample flexibility with the mini- 
mum of sample waste. 

(b) Electrical measurements 

Measurement of the thermoelectric power 
of the compounds was performed with the aid 
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of cylindrical samples 7 mm in dia. and ap- 
proximately 5 mm high. The cylinder was 
pressed between two copper blocks. Three 
compression springs applied a sufficient pres- 
sure to allow a low resistance (both thermal 
and electrical) contact to be made to the 
sample. On the faces of the copper blocks 
immediately adjacent to the sample were 
copper constantan thermocouples having a 
junction approximately O-OOI in. in thickness. 
The couples were mounted in shallow slots 
in the faces and held in place with a light 
application of Metaplast silver conductive 
epoxy. Both blocks were equipped with small 
healers and one of the blocks was mounted on 
a cold finger inside of a dewar system. The 
dewar system shown in Fig. I was so designed 
that it was possible to make a simple change 
of lest fixture on top of the cold finger in 



lion. 


order to measure the electrical conductivity 
and Hall coefficient. By filling the bottom 
dewar with liquid nitrogen it was possible to 
vary the temperature of the sample from 77 to 
350°K. In addition to sample considerations, 
which will be discussed later, it was found that 
the setup was most stable in the range 100- 
300°K. The voltages developed by the couples 
were fed into twin differential amplifiers of 
high sensitivity and precision. The thermal 
e.m.f. was measured by a Keithley milli-micro- 
voltmeter. This is shown in Fig. 2. The system 
was calibrated against a 99-999 per cent silver 
specimen, and corrections were made for the 
thermoelectric power of copper as given by 
Blatt et al.[l\. The values so obtained were 
then compared to the data of Blatt et al.\l] 
for the absolute thermoelectric power of 
silver. The agreement of the data was ex- 
cellent. Using this arrangement it was possible 
to measure the thermoelectric power to within 
2-0 per cent with a reproducibility of 1-0 
percent. 

For the measurement of the electrical con- 
ductivity and Hall coefficient, thin rectangular 
slabs were cut from the larger cylinders. The 
slabs so cut were generally 1 2 mm long. 2-3 
mm wide and O l-O-.Smm thick. Samples of 
this type having a length-width ratio of 4 or 
greater produce a negligible shorting effect [8] 
for the Hall measurements. In addition the 
thin slabs provided reasonable current den- 
sities at low current. Four terminal measure- 
ment was made of the electrical conductivity. 
Two copper leads for the purpose of intro- 
ducing current were affixed to ends of the slab 
with Metaplast or Aquadag, both of which 
provided sturdy ohmic contact. The probe 
leads were 0-002 in. chromel wires that were 
either spot welded or, in the case of the high 
resi,stivity compounds, tacked with a small 
bead of Aquadag, The leads were so arranged 
that by proper selection one could either 
measure Hall voltage (in the presence of a 
magnetic field) or the electrical conductivity. 
Measurement of the Hall coefficient was made 
at fields of 10 and 20 kG. The Hall voltages 
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Li^! 2 . Bkick (Jiiigram showing the necessary inslrumeniation for the measurement of the thermo- 
electric power 


obtained were always linear in field and no 
traces of magnetoresistivity were noted. 
Measurements were always made for both 
directions of current (low and magnetic field 
to eliminate thermoelectric and thermomag- 
netic effects. By mounting the slab on an 
anodized aluminum holder with rubber cement, 
thermal stability was achieved. The anodized 
holder was placed on the cold finger and a 
thermocouple affixed to the sample with 
Metaplast. The electrical conductivity could 
be measured to within 1-5 per cent and the 
Hall coefficient to within 1-75 per cent. Re- 
producibility for both was better than TO per 
cent. 


(c) Optical measurements 
Measurement of the optical reflectivity was 
made using the Cary Model 14 spectrophoto- 
meter equipped with a specular reflectance 
attachment. Samples were mounted in bakelite 
metallographic mounts and polished using 
diamond paste lapping and various water- 
alumina polishes finishing with a 0 05 ja wet 
alumina polish. Measurement of the relative 
reflectivity was made in the 2000-25,000 A 


range. Using the technique of Fochs[9]. it is 
possible to measure the fundamental absorp- 
tion edge and hence the optical bandgap of 
the semiconductor. This technique precluded 
the necessity of thin transmission samples. 

(d) Microhardness 

Knoop microhardness measurements were 
made on as-quenched annealed samples in 
order to determine the microhardness without 
introducing variations due to powder press- 
ing problems. The compressed and sintered 
samples had a density of between 80 and 90 
per cent. Although the as-quenched and 
annealed samples showed large voids, there 
were large enough solid regions to do micro- 
hardness measurements. These measurements 
were performed to see if the microhardness 
conformed to Kurnakov’s law as shown by 
Zalar[10] in his ternary studies. Also follow- 
ing the trend of Goodman[ll] and Mooser 
and Pearson [12] possible correlations could 
be sought between the energy gap obtained 
from optical measurements and the micro- 
hardness (essentially a measure of bond 
strength). 
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3. RESULTS AND DISCUSSION 
The tellurides 

All of the tellurides showed high thermo- 
electric powers. Figure 3 shows the thermo- 
electric power. Hall coefficient, electrical 
conductivity and Hall mobility (defined as 
the product of the electrical conductivity and 
Hall coefficient) for CuCdjInTe^. The data 
presented is that obtained from a representa- 
tive sample. As mentioned earlier, the range 
of measurement is restricted to IOO-30(fK. 
Not only is the variable temperature system 
most stable in this region, it is also the tem- 
perature regime which allows reproducibility 
of measurement. It has been found that at 
temperatures much higher than 350°K, there 


is a noticeable change in electronic proper- 
ties on recycling the sample. This change is 
accompanied by a measureable weight loss. 
It was therefore necessary to restrict meas- 
urements to the 1 00-300°K range in order to 
provide necessary reproducibility and stability. 
Returning to Fig. 3. it can be seen the Hall 
coefficient remains es.sentially constant as a 
function of temperature indicative of a nearly 
constant carrier concentration. Both the 
thermoelectric power and Hall coefficient 
indicate p-type conduction. Also the Hall 
mobility is quite low and has an approximate 
T“'* dependence. 

Figure 4 shows the same properties for 
CuZn.ilnTc 4 . The properties show a similar 


T 



Fig. 3. The thermoelectric power (S), the electrical conductivity 
(o-), Hall coefficient (R») and Hall mobility ((!») of CuCd,lnTe, 
as a function of temperature. 
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Hg 

(cr). 


4 Ihc ihennoelciinc power (.S). the clcelncal eonduetivily 
Hall cocirieicnl (/?„» and Mall mobility (mkI ‘>r CuZn.InTc, 
av ii function of temperature 


varialKin with lemperattire with the notable 
exception of the Hall mobility which varies 
as The Hall mobility is of the same 

magnitude as found in CuCdjInTe 4 . 

Figure 5 shows the same properties of 
AgCdjInTe^. This compound bears a resem- 
blance to CuZn^InTe^. The electrical conduc- 
tivity shows an extremely small temperature 
dependence over the range of measurement 
and the Hall mobility gives a good fit to a T“" 
dependence. Several points are evident from 
this data. The tellurides all show large thermo- 
electric powers being on the order of 200 
/xV/°K at room temperature. The electrical 
conductivities are quite low. This is due to 


the mobility of the holes which is on the order 
of several cmVV-sec. A knowledge of the 
thermoelectric power and temperature varia- 
tion of the mobility and Hall coefficient provide 
the necessary information to interpret the 
data. The thermoelectric power is given by 


S=-{A~EflkT) 

e 


Nun-dcgvneiaieoi 
iighllydcgeneniie case 


( 1 ) 


where £/ is the Fermi energy, k is Boltzmann’s 
constant and A is a constant at a given tem- 
perature and is dependent on the scattering 
mechanism. A can be evaluated from a know- 
ledge of the temperature dependence of the 
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Fig 5. The thcrmoelecirit piiwer (Si. (he ciccirical condueiivity 
(ir), Hall coethcient (R(,) and Hall mobility of AgCdjlnTe, as 
a function of temperature. 


mobility [13]. When A is known, it is thus 
possible to evaluate the Fermi energy at a 
given temperature. If the Hall coefficient is 
taken to be 


R„ ^ ^ (2) 

pe 

then it is possible to arrive at the carrier con- 
centration. The carrier concentration is also 
given by 


VttI 


mn*kTY^ 




FMkT) (3) 


where FmiEflkT) is the Fermi integral of i 
order. This function has been tabulated. Since 


p and Ef are known, equation (3) allows the 
calculation of the effective mass, although 
the effective mass so obtained is usually at 
variance with effective masses obtained from 
optical or reasonance phenomena [4, 14]. In 
other compounds, it will be used here in the 
absence of a better value. 

The results of this type of analysis are 
shown in Table 2 where a cross -section of the 
pertinent properties are shown for the tellur- 
ides at 30()°K. Consider the data on AgCd,- 
lnTe 4 and CuZn 2 lnTe 4 , The samples all show 
a slight degeneracy. For effective masses that 
are this low. it is not possible that ionized 
impurity scattering or lattice scattering could 
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Table 2. Data obtained on the tellurides at 300° AT 


AgCd2(nTei CuCdalnLej CuZnalnTSi 

S24A S24B SI3H SI6B SI8A S20A 


Thermoelectric power 

(uV/"K) 

207 

197 

198 

215 

153 

1.30 

Electrical conduciiviiy 
(tl-cm)' 

flOZIS 

00276 

IK-37 

15 71 

2-604 

2-8.50 

Hall mobility 
(cm“/V-^cc) 

4 9.S 

4.52 

4-95 

4-lh 

3 31 

1-89 

Hall coefficient 
(cc/coull 

227 0 

1640 

0-236 

0 265 

1-270 

()'h30 

tju 

0 3K 

0 56 

0 72 

0 50 

0-85 

1-40 

( arrier concentration 
(cm ') 

.S 32x lO'" 

7.37 

5-12x10'” 

4 

0-951 X 10'” 

1-91 

w’/ffiii 

O-Olb 

0019 

1-34 

I-.38 

0-41 

0-.52 

1 emperalurc dependence 
of hall mobility 

7 "" 

J - » tkS 

’>1 

yti 49 

y'-O'MT 



be Ihe responsible scattering mechanisms. 
The temperature dependence is clearly diffei- 
ent. 

A possible mechanism for the scattering 
could be alloy scattering. This was first des- 
cribed by Weisberg(l5| and qualitatively by 
Brooksflbl. This scattering is caused by a 
random distribution of inhomogeneities in the 
compound. These inhomogeneities may be in 
the form of impurity clusters, disordered 
regions or regions of compositional fluctua- 
tion, Regions of this type develop a space 
charge around them in order to establish 
charge neutrality in the bulk. As given by 
Weisberg, the mobility is 

where S is the effective area of the scatterer 
and N, is the concentration of the space charge 
regions. The creation of space charge regions 
of this type has been found to decrease the 
mobility of certain samples of GaAs by almost 
two orders of magnitude[17|. Although the 
actual regions of compositional fluctuation 
are small, it has been found that the space 
charge surrounding this region can be of a size 
that is several orders of magnitude larger[I8I. 
As can be seen from equation (4) the tempera- 
ture dependence is It is believed that 


the departures from this T " ■’ dependence are 
due to an energy dependence of the scattering 
which Weisberg's model does not assume. 
Also there may be a slight temperature de- 
pendence due to the size of the space charge 
region. This scattering mode will lead to 
mobilities of several cm“/V-sec even when 
the effective mass is 0 01 nto using equation (4) 
and the values of m* and pc. Calculations show 
slightly overlapping space charge regions 
producing the effect of a sample containing 
many micro p-n junctions. The results of this 
calculation show that alloy scattering could 
result in the low mobilities and experimental 
temperature dependence of the mobility found 
in CuZmlnTcj and AgCdjInTe^. Returning to 
CuCd:jlnTe,. it can be seen that the effective 
mass is high. It is believed that the scattering 
here is a mixture of ionized impurity scatter- 
ing and alloy scattering. With an effective mass 
of approximately l-4m„ it is possible that the 
ionized impurity scattering could make an 
appreciable contribution to the total mobility. 
If the mobility due to ionized impurity scatter- 
ing was on the order of 1 5-20 cm*/V-sec, then 
the combined effect of the two processes 
could result in a mobility dependence of T'®"’. 
It is not known, however, why the effective 
mass should be so much larger in CuCd 5 lnTe 4 
than in the other two tellurides. This remains 
to be answered. 
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The selenide 

Figure 6 shows a plot of the electrical con- 
ductivity and thermoelectric power for copper 
cadmium indium selenide. It can be seen that 
these properties differ sharply from the prop- 
erties of the tellurides. The thermoelectric 
power is quite low being on the order of 15 
/aV/°K, at room temperature. The electrical 
conductivity is also much smaller than those 
found in the tellurides. This low conductivity 
made a precise Hall measurement impossible 
due to voltage fluctuations at the pickup 
probes. The maximum value for the Hall 
coefficient could be set at 3-29 cm’/Cb. The 
low Hall coefficient and thermoelectric power 
lead one to suspect ambipolar conduction. 


The thermoelectric power due to contribu- 
tions from both electrons and holes is given 
by: 

^ _ l^hlo'A |5p|(rf 

(Tk+a-v 

The electrical conductivity and Hall coeffi- 
cient are given by: 

(T = (Tk + (Te ( 6 ) 


R 


II 


e{ptik + 


( 7 ) 


It can be seen from these equations that the 
thermoelectric power and Hall coefficient are 
given by a difference of terms so that even if 


T 



Fig. 6. The thermoelectric power t.S) sutd elecincal conductiviij 
((t) of CuCdjlnSe, as a function of temperature 
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the individual terms are large, if they are 
approximately equal their difference will be 
small. These are the three equations for which 
experimental data was taken. There are, how- 
ever four unknowns: the carrier concentra- 
tions and mobilities for both the electrons and 
the holes. A parametric solution was tried, 
with the ratio of electron mobility to hole 
mobility serving as a convenient parameter. 
It was further assumed that the scattering 
mechanism for the holes is the same as for the 
electrons and both the electrons and holes 
have an effective mass equal to the free elec- 
tron mass. These conditions were assumed in 
the absence of any data to the contrary. C'al- 
culations were performed which indicated 
that under these conditions and for a unit 
ratio of carrier mobilities that the carrier 
mobility is l-hx 10 'cm^/V-sec with a hole 
concentration of 4-69 X 10'" and an electron 
concentration of4'26x 10"* at loom tempera- 
ture, The value of ihe energy gap under these 
conditions could also be calculated and was 


found to be 0-32 eV. The calculation shows 
that the two band scheme gives a reasonable 
explanation of the empirical data. 

Optical reflection measurements over the 
range of 25,000 A to 2000 A were performed 
in accordance with the procedures of Fochs 
|9|. The experimental data show that there 
arc no sharp reflection maxima in the far 
visible and i.r. ranges. This is shown in 
Fig. 7. The maxima, occuring at higher 
energies, are most likely due to interband 
transitions similar to those found by Green- 
away and Cardona|]9] in InSb. A measure- 
ment on single crystal specimens would have 
provided an insight into the band structure 
of the compounds, however, the position of 
the maximum in a polycrystalline material 
provides little information other than indica- 
ting the presence of a transition. From the 
optical reflection measurements taken over 
the aforementioned range, it can be stated 
that the energy gap of these compounds must 
be less than 0-5 eV. The energy gap value cal- 
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cuiated for CuCd 2 lnSe 4 is in qualitative 
agreement with this observation. 

The results of the microhardness investiga- 
tion are shown in Fig. 8. The Knoop micro- 
hardness under a load of 300 g is shown plotted 
against the reciprocal of the lattice parameter. 
This plot is similar to the one presented by 
Zalar[10]. It appears that Kurnakov’s law is 
followed by these compounds. The selenide 
is ‘softer’ than the tellurides, however Zalar’s 
data indicates the ternary selenides were 
softer than the ternary tellurides. The plot 
is presented here to represent an empirical 
relation found in these compounds which 
has been found by others in binary and ternary 
compounds. Since the grain size was small 
(I fi). it might be argued that the conductivity 
is limited by high resistance paths at the grain 
boundaries. In order to test this hypothesis, 
the electrical conductivity was measured 
under ac conditions in the range lOhz-200 
khz. If the grains were interconnected by high 
resistance paths, one could consider the 
analog of inter-grain coupling by capacitors of 
high leakage resistance. At low frequencies 
the impedance of the sample should be limited 


by capacitively shunted conductances, rep- 
resenting the grain boundaries. However as 
the frequency is increased this impedance will 
become less and less due to a decrease in the 
capacitive reactance. Therefore the ac con- 
ductivity as a function of frequency should 
show an increasing conductivity with in- 
creasing frequency. Measurements of several 
samples of each of the four compounds showed 
that over the aforementioned range, the 
conductivity remained constant within in- 
strumental resolution of 2 per cent. The con- 
ductivity does not seem to be limited by the 
grain boundaries. 

4. CONCLUSIONS 

The use of powder metallurgical techniques 
resulted in the formation of single phase 
quaternary chalcogenides having reproducible 
electrical properties. Measurements of the 
thermoelectric power, electrical conductivity 
and Hall coefficient were made to characterize 
the properties of the material. Measurements 
were also made to ascertain the bandgap of 
the semiconductors using optical reflection 
techniques. 



Fig tf, Knoop microhardness vs. the reciprocal of the lattice parameter foi 
the compounds studied in this investigation 
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As a result of this investigation it was deter- 
mined that the tellurides and the selenide 
studied would not make suitable thermoelec- 
tric materials. Although the tellurides had 
high thermoelectric powers, the electrical 
conductivity was too low to attain a high 
figure of merit. In the selenide, the thermo- 
electric power was quite small, on the order 
of 15piV/deg. and also had a low electrical 
conductivity. 

The results for the tellurides were analyzed 
to obtain the carrier concentrations, Fermi 
energies and effective masses. In Agrd 2 lnTe 4 
and (’uZn 2 lnTe 4 . the predominant scattering 
mode was determined from the temperature 
dependence of the Hall mobility and the mag- 
nitude of this mobility. In CuCd^InTe.,, there 
is a large contribution from ionized impurity 
scattering in addition to the alloy scattering. 
This was determined from the temperature 
dependence of the Hall mobility and considera- 
tion of the high effective mass of the holes in 
this compound. 

The results for the selenide were analyzed 
by the consideration of a two band scheme in 
which both electrons and holes take part in the 
conduction. In addition this work was ex- 
tended to a determination of the energy gap 
in terms of the ratio of electron to hole mobil- 
ities for given electrical properties. Since it 
was not possible to measure the Hall coeffi- 
cient exactly in this compound, there was no 
information generated on the scattering mech- 
anism. However, in consideration of the low 
mobilities found in the selenide, it is improb- 
able that the effective mass of the carriers i,s 
high enough to result in an ionized impurity 
scattering mobility that is this low. Alloy 
scattering effects are likely present in the 
selenide also. Unless alloy scattering is cir- 
cumvented in the compounds by the develop- 
ment of better preparational techniques, all 
of the compounds studied would not make 
suitable thermoelectric materials. AgCdslnTe^ 


may possibly be a promising material if the 
effects of alloy scattering can be eliminated. 
The effective mass in this compound is low 
enough to provide high mobilities in either 
the ionized impurity mode or the lattice mode 
of scattering. 

— l would like to thank E. Purthe for 
some helpful iiuegcMion.s. Thi.s work was sponsored by 
the Instiiiilc lor Direct Energy Conversion of the Univer- 
.sily of Pennsylvania under a grant trom the National 
Acronaulics and Space Admmistralion. 
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ETUDE DU SYSTEME TANTALE-HYDROGENE: 
DIAGRAMME D’EQUILIBRE ET STRUCTURE 
ELECTRONIQUE 
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O.N.E.R.A.-29, Avenue de la Division I-eclerc, 92 Chatillon, France 

(Received \9 March \9h9, in revised form \40cloher 19fi9) 

R^uin^~ L'etude dc la chaleur specifique electronique et de la susceptibilile magnelique des alliages 
du systemeTa-H confirme lavaliditedu modele de bandes rigidesddejaavance pour divers hydrures 
de m^taux de transition; on peui en elfel etablir un parallelisme assez etroli entre le comportement de 
ces composes et celui des allia^s iso-electroniques Ta-W. Au cours de cette etude nous avons ete 
conduits a preciser par des experiences de resistivite et de diffraction X, un certain nombre de points 
obscurs du diagramme binaire Ta-H. Nous avons cn parliculier donnc la limile du domaine de solu- 
bility priinaire de I'hydrogyne dans le lantale, confirme la structure orthorhombique des composes 
voisins de la composition TaHo.s et precise teur domaine d'exisience. 

Abstract -The study of the electronic specific heat and of the magnetic susceptibility of Ta-H com- 
pounds has been carried out in order to check the validity of the rigid d band model, which has already 
been put forward for several transition metals hydrides. The behaviour of these compounds has been 
shown to be quite similar to the behaviour of the isoelectronic alloys Ta-W. During this work, we had 
to bring some precisions on some obscure points of the binary diagram Ta-H through resistivity and X- 
ray diffraction experiments. In particular we determined the solubility limits of the Ta-rich solid solu- 
tion and of the orthorhombic compound nearTaH„.s. 

INTRODUCTION de fortes densites d'etats dans cette bande, 

On SAIT que, comme beaucoup de metaux de qui favorisent la constitution d’un ecran a la 
transition, le tantale peut absorber de grandes charge du proton, 

quantiles d’hydrogene[ 1,2]. Nous avons voulu confirmer les resultats 

Dans la plupart des cas, la nature de la li- precedents sur les metaux de la colonne V a 
ai.son metal-hydrogene n’est pas clairement parlir de mesures de chaleur specifique elec- 
elucidee[3,4]. Un modele frequemment pro- tronique. Parmi les trois systemes (V-H). 
pose est celui des bandes rigides, I'hydrogene (Nb-H), (Ta-H), le troisieme se singularise 
s'ionisant pour donner son electron a la bande par une Irb forte solubilite primaire a I'am- 
d du metal 15-8], Ce modele parait asscz biante de I’hydrogene dans le tantale; e'est 
valable pour PdH[9-ll] el semble convenir la raison pour laquelle nous I'avons choisi 
aux hydrures des metaux de la colonne V, sur pour nos experiences, 
la base de mesures de susceptibilite mag- Les mesures de chaleur specifique nous ont 
netique (NbH, TaH[3], VH112], ou de de- malheureusement montre que cette solubilite 
placement de Knight (VH[131, NbH(I4]). ne se conservait pas a plus basse temperature. 
II rend compte egalement de la variation de Elies nous ont toutefois permis. 
la chaleur de dissolution de I’hydrogene dans (l)de preciser le diagramme de phases 
les metaux de transition en fonction de la con- Ta-H pour lequel la litterature comportait 
centration electronique e/c[8]; cette grandeur des renseignements contradictoires. II nous 
se presente en effet comme une fonction dc- a cle pour cela necessaire de reprendre les 
croissante du remplissage Electronique de la experiences dc susceptibilite magnetique de 
bande d, moduIEe par des pics (V, Nb; alii- Stalinski. et dc faire des mesures de resis- 
ages Mo-Rh; Pd, Ni) associEs a I’cxistence tivitE. 

- 1247 
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(2) d’etudier la variation de la densite d’etats 
au niveau de Fermi pour des composes plus 
riches en hydrogene TaH ^ (x= 0,47, 0,58). 

). PREPARATION DES ECHANTILLONS 
Les echantillons onl ete prepares par ab- 
sorption directe d’hydrogene suivant la meth- 
ode decrite par Sieverts et de nombreux 
auteurs (1-41- L'hydrogene provient de la 
decomposition de I'hydrure de titane TiHj. 
I. ’absorption d’hydrogene se fait apres de- 
gazage sous vide [10 -Morrl par refroidisse- 
ment lent f50°C/hr] depuis 400T jusqu’a la 
temperature ambiante. On procede ensuite a 
un recuit d'homogeneisalion de 48 hr a 300T. 
Pour faciliter celte homogencisation, on 
utilise des tiges dc laniale d’environ I mm^de 
section. 

Le lantale de depart est dii tantale Johnson- 
Matlhey en barreaux de 4, .5 mm de dia. con- 
tenant: Al: 20 ppm; Si: 10 ppm; Fe: 8 ppm; 
Nb: 200 ppm. Ces barreaux sont lamines au 
diametre desire, puis nettoyes, polis mecani- 
quement et recuits. Nous avons egalement 
utilise du tantale en poudre Johnson-Matthey 
pour les mestires de susceptibilite magnetique 
fimpureies metalliques sauf Nb < l.SOppm; 
Nb: lOOppmJ. 

La concentration en hydrogene dc nos 
echantillons a ete determine par pesees, par 
analyse volumetrique [fusion sous hcliumj el 
par mesure des parametres cristallins. Nous 
avons egalement dose I'oxygene et I'azote; 
la teneur en oxygene ne depasse jamais 
J 00 ppm, celle en azote 50 ppm. Les para- 


metres ont ete mesures sur des cliches de 
difFraction de rayons X [methode des poudres], 
a temperature ambiante. 

Le systeme TaH comporte, a 1 ambiante, 
deux phases, a et /3; pour les faibles concentra- 
tions en hydrogene, la phase a, qui conserve le 
reseau cubique centre du metal, et dont le 
parametre croJt lineairement avec le nombre 
d’atomes d’hydrogene par atomes de metal; 
la phase /3 de haute teneur en hydrogene 
en derive par une distorsion orthorhombique 
qui peut s’analyser comme le produit d’une 
dilatation suivant I'axe [001] (r,, ^ Uo) et d’une 
faible distorsion angulaire dans le plan (001), 
mesuree par € [voir Fig. I et Tableau 1(b)]. 

Les mesures de parametres a I’ambiante 
nous ont conduits aux resultats figurant dans 
les Tableaux l(a)et 1(b). 

Pour la pha.se a. on pent ecrire: «(, = .3,306 + 
0,1 5a (A) avec .t = Fl/Ta cn atomes. 

La largeur dc raie correspond a une in- 
certitude Mir le parametre de ±2 • 10'“ A. Ce 
nombre nous donne I’ordre dc grandeur du 
defaut d’homogcncitc des echantillons, qui 


Tiihleau 1(a). Parametres cristallins 
{phase n) 


Phase u 

(A) 

■fa 



3JIS 

TaH„,,„ 

3J22 

laHqi, 

3.3211 

1 til If, ^(1 

3,338 


Tableau 1(b). Parametres cristallins f phase j 
Phase ft Rcscau cuhiqiic dclorme Reseau orlhoi homhique 





f J 

€ 

a 

h 

r 


3,368 

3.395 

l,tK)8 

0,3” 

4,76 

4,76 

3,395 

‘TaH,,., 

3,368 

3.395 

1.008 

0.3” 

4,76 

4,76 

3,395 

TaH„,„ 

3,376 

3.415 

f.lll 

0.5" 

4,77 

4,79 

3,415 

1 

3,382 

3.425 

1.012 

()„5° 

4.78 

4,81) 

3,425 


*echantillons biphases. la eonccniration indiquee correspond a la com- 
position nominate de rechanlillon. 
e est la distorsion angulaire. 
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correspond a un ecart moyen |5 a| de I'ordre 
de 0,02. 

2, DETAILS EXPERIMENTALX 

( 1 ) Chaleur specifique 

Les mesures de chaleur specifique ont ele 
(aites dans un calorimetre adiabalique deja 
decrit parailleurs[15, 16]. 

Les echantillons sont refroidis par un gaz 
d’echange (''He). Les mesures ont ete fades 
enlre 1,.“' et 9°K. et comportent chacune 
soixante points environ. 

Les echantillons, d'un poids d'environ 65 g 
etaient places dans un container en cuivre 
de7g. 

(2) Susceptihilite ma^netique 

Pour les mesures de susceptihilite magnel- 


ique. on utilise la methode de Curie-Faraday; 
les forces sont mesurees a I'aide d'une balance 
electronique Sartorius dont la sensibilite est 
de I pg: I'eleclro-aimant est equipe de pieces 
polaires donnant une force constante: les 
points intermediaires entre la temperature 
amhiante et s'obliennent par effet Joule 
dans un bobinage entouranl I’echantillon. La 
puissance de chauflTage est asservie a la mesure 
de temperature. 

0^ R^-fislivite 

On a employe la methode potentiometrique 
classique. Les lectures de tension se font sur 
un pont Tinsley qui permet d apprecier 0.03 
pV environ. 

Le contact des fils sur fechantillon est 
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assure par un depot de laque a I’argent. Ces 
fils, deux en cuivre, deux en or-cobalt, per- 
meltent de mesurer les tensions et les tem- 
peratures aux extremites de I’echantillon, 
separees d’environ six centimetres. 

Deux bobinages enroules autour de blocs de 
cuivre situes a chaque extremite permettent 
d'annulcr par efTet Joule le gradient de tem- 
perature, et d'elever la temperature de I’en- 
semble. 

i. Kf;.SllI.TAlS 

( I ) Chaleur specijique 

On a porte sur des graphiqucs (Figs. 2 et .t) 
CJT en fonction de T'\ Les discontinuites a 
basse temperature correspondent a la transi- 
tion supraconductrice. 

On sail qu'a basse temperature, la chaleur 
specifique dans Fetal normal pent s’eciire 
yj + oiT \ y caracierisant la contribution 
des electrons de conduction, et a cells des 
phonons. 

y cst obicnu cn extrapolani les courbes a 



Fig. t Chaleurs specifiijucs des composes la-H pour 
I'elal supracondiicteur. 


7 -' = 0, a cn prenant Icurs penles; les courbes 
sont bien lineaircs, ce qui justifie cette ex- 
trapolation.; 

Les precisions relatives sur a et y sont 
io/«-0,04,Ay/r- WW. 

I.c coetlicient y est directement relie a la 
densite d’etais au niveau de Fermi 



t ig. 2. Chaleurs specifiques des compo.'ies Ta-H pour I'etat normal. 
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[«(£/!■) pour I’ensemble des 6tats de spin]. 
Quant k a, on peut le reiier a la temperature 
de Debye ©p: 




Nous avons reporte les valeurs de y, n(£f), 
a et ©p dans le Tableau 2. 

Les valeurs indiquees pour TaHj., jc=0,06; 
0,16; 0,32, sont des valeurs globales. Ces 
echantillons etant biphases a basse tempera- 
ture (cf. Section 4(a)), on verifie la linearite 
des proprietes entre x = 0 el x=0,32, aux 
erreurs de mesure pres (sur x et sur les chal- 
eurs specifiques). 

0,004 _ 0,012 0,027 

0,06 ~ 0,16 0,32 ■ “ ’ 


0,35 _ 0,78 
0,06 ''0,16 


1,67 

0.32 


= 5,5 ±0,5. 


Les valeurs obtenues pour le tantale pur 
sont en accord avec celles donnees par While 
etal.[\l] (y = 5,68mJ/°K*; ©„ = 245°K). 

Nous n’avons pas, comme ce dernier, ob- 
serve de courbure appreciable de la courbe 
CJT=fiT'^)\ cela explique que not re valeur 
deysoitplusfaible. 

La temperature critique Tc. bien definie 
dans le cas du tantale (7'r = 4,40°K) Test 
moins bien pour les hydrures (Fig. 3). 


echantillons; Ta, TaHo.,g, TaH(,, 32 . TaHg.^,, 
TaHo ,47 et TaHo.^, de 4,2°K a I’ambiante pour 
Ta, de 4,2°K ou 77°K a 350°K pour les 
hydrures. 

La courbe relative au tantale pur presente 
les caracteristiques connues: apparition de la 
supraconductivite a 4,40°K, et legere conca- 
vite negative. 

Les courbes relatives a TaHg,,s et TaHojj. 
fort semblables aux basses temperatures, 
presentent des anomalies etalees entre 250 et 
3l0“K(Fig. 4). 

Enfin les courbes relatives a TaH„, 4 , 
TaHo ,47 et TaHo u, presentent deux anomalies 
dont i'une, correspondant a la temperature la 
plus elevee, est fort aigiie (Fig. 5). 

Par ailleurs, la resistivite residuelle de 
TaFI„, 5 „ est forte, (Tableau 3). 


Tableau 3 



resistivite residuelle 

H/Ta 

en/tilcm 

1) 

0,27 

0.16 

0.42 

0,.<i8 

3.9 


Les mesures de resistance sont obtenues a 
une precision d'environ 1 mais revalua- 
tion du facteur de forme conduit a des erreurs 
sur la resistivite de I'ordre de 5 pour cent. 


(2) Resislivite 

Nous avons mesure la resistivite de six 


{}>) SuseeptihiUte magnetique 

Nous avons voulu reprendre les experiences 


Tableau 2 




n(£») 

a 



7 , (mJ/'K’l 

en etats 

(mJ/”K') 



par alome x 

par alome x 

par alome x 


F.chantillon 

deTa 

deTa 

deTa 

(“K) 

Ta 

.3,28 

1.12 

0.138 

241 

•TaHn.M 

4.93 


0,134 


*TaHoj(i 

4,50 


0.126 



3,61 


fl.lll 



2,86 

0.61 

0.089 

280 

TaHfl.M 

2,42 

0,51 

0.0% 

273 


Echantillons biphases a basse temperature. 
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f /H- 4 RcNJsiiviiL^ des compt^scs ! a-H pour H/1 a •- 0.40. 


<! 

I 



I ig ' Kc'islivncs (.Ics composes T;i-H pour H/ fii 0,41) 


dc susceplibilitc de SUilinski ejoi nc presentent 
luicuno dcs anoinulics obscivccs en lesis- 
tivite. Nos rcsultats Ics ont pleincment con- 
firmees: 

La susceptibilile decroit quand H/Ta cn)il, 
el ceci d’autant plus qu’oii s'approche de la 
concentration liniilc H/Ta = (),75. 

La susceplibilitc depend ties peu de la 
temperature ({)^ entre 77° et 

320°K), le sens de variation etani inverse vers 
les hautes teneurs. Nos resultats sont resumes 
dans le Tableau 4; la precision relative des 
mesures est estimee a 1 pour cent. 


Tableau 4 


X (tO “ii c m Im. 1 , 1 ] 
77"K :V5“K 


147 

147 

1 14 
109 


145 

144 

115 

lit 

109 


Hn ;i iiilomesl 


0.10 

0 , 21 ) 

0,5.5 

0,.58 

U.fil 


4. INTERPRETATION DES RESULTATS 
(a) Diagramme d’equilibreTn-H 
A notre connaissance, aucune etude sys- 
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tematique de ce diagramme n'a ete faite, en cette interpretation: Nos mesures de chaleur 
particulier pour les temperatures inferieures specifiquc electronique montrent, d’une part 
a BOO^K. Un certain nombre de divergences que la temperature d’apparition de la supra- 
apparaissaient en outre sur les mesures a conductivite est independante de H/Ta pour 
I’ambiante. H/Ta = 0,06: 0,16; 0,32, d’aute part que le pic 

de chaleur specifique correspondant s’etale 
(1) Domaine de solubilite primaire de et diminue d’amplitude. Pour un echantillon 
I' hydrogene dans le tantale cubique centre, supraconducteur monophase, Cp/T doit tendre 
Stalinski[3] annonqait une solubilite primaire vers zero quand la temperature tand vers 
de I’hydrogene jusqu’a TaHo,.,;. Wallace[18], zero. 

donnait par centre un diagramme tout a fait Cette condition n'est pas remplie; elle ne 
contradictoire reposant sur des experiences serait d’ailleurs pas compatible avec la con- 
de rayons X et de resistivite non publiees, dition d’egalite des aires combrises entre la 
mais qui semblaient concorder avec d’an- courbe Cp/7 (T) relative a I’etat supracon- 
ciennes mesures de chaleur specifique de ductcur, et la courbe exlrapolee relative a 
Kelley entre .50 et 300°K[19|. I’etat normal. [Cette egalite traduit I'egalite 

Nos resultats confirment en gros les hypo- des entropies a T=Tc (temperature critique) 
theses de Wallace. Nous avons pu preciser pour I’etal supraconducteur et I'etat normal), 
la limite de solubilite primaire (Fig. 6) en II faut done decomposer Cp en deux contribu- 
nous appuyant sur nos mesures de resis- tions, celle qui correspond au tantale presque 
tivite (TaHo.ifi et TaHo,;i 2 ) et sur les mesures pur, et celle qui correspond a la phased (non 
de Kelley. supraconductrice) (Fig. 2). En faisant ce de- 



0 0,1 0,2 qa o,< o,5 o,6 qz qa h/tq 


Fig. 6. Diagramme d'equilibre TaH. Poinli deduits des mesures 
de Kelley: 9 . de Wallace: x. Points deduits de nos mesures de 
resistivite: O. chaleur specifique: A.paramelres cristallins: +. 

Dans les deux cas, on constate des anom- coupage. on trouve comme limite de solu- 
alies etalees entre 150 et 300°K, la limite biiite. de I'hydrogene dans la phase /3 H/Ta = 
sup^rieure dependant de la concentration en 0,35a4,2°K. 

hydrogene. Ces anomalies correspondent La resistivite residuelle de TaHo.is est trop 
certainement a I’apparition de la phase /3 de voisine de celle de Ta pur pour correspondre 
symetrie orthorhombique decrite en 1. ^ un compose monophase. Elle correspond 

D'autres faits experimentaux confirment bien par centre a ce qu'on attend i»ur un 
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melange de tantale a faible resistivite residu- 
elle et de phase /3 a forte resistivite residuelle 
(on additionne les conductiviies). 

La limite de solubiiite a la temperature 
ambiante (- 290‘’K) est difficile a preciser; 
ceci d’autant plus que les cliches de diffrac- 
tion de rayons X sont difficiles a interpreter; 
les raies des deux phases sont tres voisines; 
leur separation est souvent du meme ordre 
que leur epaisseur. Ainsi, un long recuit en 
ampoule scellee de I’echantillon TaHft .,12 nous 
a permis de separer les raies de la phase /3 qui 
n’etaient pas visibles apres le premier traite- 
ment. Ceci nous conduit a placer la limite de 
solubiiite a H/Ta ~ 0,25 au lieu de 0.37 [3J, 

(2) Domatne d' existence et nature de la 
phase. Wallace a montre pour Ta.jH I’exis- 
tence de deux phases /S, et ji., pour lesquelles 
le reseau metallique a la meme symetrie. Les 
transitions a—lij el ont ete observees 

en chaleur specifique, en resistivite et en 
analyse thermique differentielle. La diffrac- 
tion de neutrons a en outre revele I’existence 
d’un ordre des hydrogencs dans ji,. Mais, a la 
difference des autres auteurs [ 3 , 20 , 21 ], 
Wallace attribue la structure quadratique aux 
phases fi. 

Nos experiences prouvent que le reseau 
est bein orthorhombique en raison de la 
separation desraies 042 et 402. Elies confir- 
ment pour les echantillons TaH,,.,,, TaH„,^,, 
TaH,i,s«, I’existence d’une double transition, 
aux temperatures indiquees dans le Tableau 5 
(cf. Fig. 5). 

Tableau 5 


TempcTdlure de IninMlion 


H/Ta 


("K) 




0,41 

275 

322 

0,47 

315 

3.34 

0,58 

too 

328 


Nous pouvons completer le diagramme en 
ce qui conceme la limite a, (a 4- /S,). Les limites 
et (^, 4 -/ 82 ), /3| sont plus difficiles 


a definir. On peut supposer que jS, correspond 
a une phase ordonnee centree sur la concen- 
tration H/Ta=0,5. Nos echantillons TaHo.i; 
et TaH„. 5 „ seraient done monophases a basse 
temperature. 

(3) Nolons encore que Saba et Wallace ont 
trouve un double pic de chaleur specifique 
pour la transition a. i 82 [ 22 ]. mais aucune ex- 
plication concluante n’a pu etre donnee, 
d’autant plus que les courbes de resistivite ne 
presentent qu’une seule anomalie. 

Nous pouvons done a present esquisser un 
diagramme d’equilibre compatible avec tous 
les resultats conmis (Fig. 6 ), en nous servant 
des idees de Wallace et en les corrigeant sur 
quelques points. 

II demeure un doute quant a I’ordre des 
transitions jS,. /3.,, et /3j. u pour H/Ta 3^ 0,5, les 
domaincs biphases n’ayant jamais ete mis en 
evidence, .soient qu’ils n’existent pas. soient 
qu’ils .soient extremement reduits. La nature 
de I'ordre dans /3, reste egalement a ducider. 

De faijon generale, le diagramme propose 
doit etre considere comme indicatif. Des 
eludes plus approfondies (diffraction de neut- 
rons en particulier) sont necessaires pour pre- 
ciser I'etendue des domaines /3, et fi-i. 

(b) Structure de bandes 
( I ) Les proprietes eleclroniques des alliages 
de substitution des metaux de transition voisins 
d une meme ligne dans le tableau periodique 
s’interpretent bien avec le modele des bandes 
rigides|9, 23], la bande d se remplissant quand 
on augmente la concentration electronique. 
Nous avons tente d’appliquer ce modele aux 
composes (Ta-H) et compare dans cel esprit 
les differentes courbes experimentales dont 
nous disposions: chaleurs specifiques elec- 
troniques et susceptibilites magnetiques des 
composes Ta-H; chaleurs specifiques et 
susceptibilites magnetiques des alliages Ta-W 
[24, 25], (Figs. 7 et 8 ). 

Pour les composes Ta-H, seules sont in- 
teressantes evidemment les mesures portant 
sur des echantillons monophases. Remarquons 
cependant que la susceptibilite est pratique- 
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Fig. 7. Susceptibilite magnetique de TaH et TAW. TAH. 
courbe en Jrait plein: mesures de Stalinski. O: nos 
risultats. TAW.D: mesures deTaniguchi[26|. 



Fig. 8. Chaleur spicilique electronique de TaH et 
TaW:*TaW(271;OTaH: nos risultais. 

ment independante de la temperature, meme 
pour des echantillons qui ont presente des 
anomalies de resistivite ou de chaleur speci- 
fique; on en deduit que la variation de la den- 
site d’etats au niveau de Fermi pour 0 ^ H/Ta 
«0,36 coincide avec la variation lineaire 
qu’on attqnd pour un melange biphase et qui 
est elFectivement observee sur les valeurs de 
(cf. Section 2). 

La comparaison des resultats evoques plus 
haut conduit aux resultats suivants: 

(a) Les valeurs de y presentent des lois de 
variation comparable pour Ta-H et Ta-W; 
mIEa) decroit sensiblement quand el a croit. 

(b) L'ecart entre les valeurs de n(Ef ) de- 
duites de la susceptibilite (en I'identifiant a un 
terme de Pauli) et de la chaleur specifique sont 
analogues pour les deux types d’alliages. On 


est done, pour I'essentiel conduit a un schema 
proche du modele de bandes rigides, en accord 
avec les resultats obtenus pour le deplace- 
ment du Knight de V et Nb dans les hydrures 
coiTespondants[l3, 14]. 

(c) Les courbes homologues (susceptibilite, 
ou coefficient y) indiquent toutefois une de- 
croissance moins prononcee dans le cas de 
Ta-H. Ce resultat signifie vraisemblabiement 
que la charge d’ecran autour du proton n'est 
pas uniquement constituee par des electrons 
dans des etats de bande d; mais d'autres hypo- 
theses peuvent aussi etre avancees: retre- 
cissement de la bande d du a I'augmentation 
de la distance entre atomes metalliques; de- 
formation de la bande au voisinage du niveau 
de Fermi associe a la distorsion de la maille 
cubique. Ce phenomene semble frequent pour 
les hydrures de transition les plus concen- 
tres [26]. 

(2) Temperature de Debye. Pour les metaux 
et alliages de transition, I'energie de cohesion 
et les grandeurs elastiques qui lui sont re- 
lics, dont en particulier la temperature de 
Debye, presentent un maximum en milieu 
de serie qui s’interprete bien dans I’approxima- 
tion des liaisons fortes [23]. Pour la troisieme 
serie de transition, ce maximum correspond 
au tungstene. 

Qualitativement, on comprend done que la 
temperature de Debye croisse quand H/Ta 
croit, e’est-a-dire quand on se rapproche de 
la situation du tungstene en remplissant la 
bande d. La encore cependant cet effet est 
plus faible que pour les alliages de transition. 

©„(TaH„.,,) = 273“K: 0„(Ta„,W„J = 317“K. 

(3) Supraconducliviie- On a vu que les 
anomalies de chaleur specifique dues a 
I'apparition de la supraconductivite pour 
H/Ta <0,5 s’interpretaient par I'existence 
d’un melange de tantale et de phase non supra- 
conductrice. De fait TaHo j* n’est pas supra- 
conducteur au dessus de 2°K. On sait d'ailleurs 
que dans les series de transition, la tempera- 
ture critique est maximum pour ela = 5, et que 
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la supraconductivite disparaft rapidement au- 
dela, cet effet etant lie a la decroissance de 
n(Et). 

Par exemple, les alliages Ta-W ne sent 
plus supraconducteurs a partir de Ta„j.Won 
[27], 

Dans notre hypothese d’un remplissage de 
la bande d, la disparition de la supraconduc- 
tivite pour Ta^iH a done certainement meme 
origine. La situation est analogue dans le cas 
des composes Nb-H 1 28). 

Remerdfmenrs -] aiileiirs lienncnl ii remercier M. 
le Professeur K, Ca.slaing, Direcleur Cieneral de I’Onera 
pour le soijticn qu'il a bicn voulu accorder ii te Iravail. 
el a M. le Profcssciir t riedcl pour les conseds qu'il leur 
a doniuis. 
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ANOMALIES IN THE DIELECTRIC CONSTANT 
OF THE Pr,_^N4AI03 SYSTEM 

W. A. NORDLAND and L. G. VAN UITERT 

Bell Telephone Laboratories, Incorporated, Murray Hill. N.J. 07974. U.S.A 

(Reteived 10 Oc/o/w-r 1969) 

Abstract-The low frequency (I kHz) values of the dieleetric consiani of the Pr, j-Ndj-AIO, system 
have been measured between 100 and 5"K. In pure PrAK), anomalies have been observed which 
involve, (Da first order phase transformation at 205°K. (2) a second order phase transformation at 
15 TK; (.1) a change from a twinned to an uniwinned structure around 80°K; and (4) a magnetically 
induced re-orientation of the crystallographic axes below 80“K Pure NdAIO., on the other hand 
showed no anomalies over this temperature range For the mixed crystals Pr,_j.Ndj.AIO,. the 205°ls 
transformation, was found to shift to lower temperatures in a linear fashion with increasing amounts 


of Nd"* ions. The LITK transformation behaved 
Iheconcenirationof Nd'* approached 50 per cent 

I. INTRODUCTION 

A GENERAL interest in the rare-earth ortho- 
aluminates, particularly those which contain 
the lighter rare-earth metals such as Pr and 
Nd, has precipitated a series of studies of 
these systems. Two low temperature phase 
transformations in FrAlO;, have been reported 
elsewherc[ll as well as a magnetic field 
induced re-orientation of the crystallographic 
axcs[21. Crystallographic studies(.'?|, specific 
heat measuremenlsl4] and spectroscopic 
studies (.5] have also been made. In conjunc- 
tion with these we report the results of an 
investigation of the undamped dieleciric 
constant of pure PrAIO;,. pure NdAIO.-, and 
Pr,„^Nd.,AI(), for .v-0 05, 0-1. 0-25, 0-,S and 
0-75. These materials have been reported to 
be slightly distorted perovskites[6] and have 
F32/r=D^,j symmetry at room tempera- 
ture [.3]. A rhombohedral unit cell derives 
from a slight distortion from true cubic 
structure, In these experiments the measuring 
electric field, T, was always directed parallel 
to an edge of the pseudo-cube which is the 
natural growth form[6]. The principal values 
of the electric susceptibility tensor could not 
be determined since E was not in general 
parallel to the appropriate crystallographic 
directions. In addition, presence of a twinned 

» I 


similarly but appeared lo became first order when 

Structure precluded the determination of the 
principal values of the dielectric tensor in the 
low temperature phases. Two anomalies were 
observed in pure PrAIO,-, in which the 
measured dielectric constant, e. changes by 
about 3 per cent and which correspond to 
structural phase transformations. A step 
change at 205''K (see Fig. 1(a)) which has a 
temperature hysteresis of 3° indicates a first 
order transformation. A slope change without 
a temperature hysteresis at 15FK is consistent 
with a second order transformation. The 
symmetry has been identified to be mono- 
clinic II 12/w = r:!„ between 20.5 and i.5rK 
and triclinic II = 0,' below l,5rK13]. No 
anomalies were observed in pure NdAIO,; 
however, the effect of increasing amounts of 
Nd“‘ ions in the PrAIO., lattice was observed 
to cause these transformations to take place 
at correspondingly lower temperatures as 
might be expected. These results together 
with other investigations may aid in the 
understanding of ion-ion interactions in the 
rare earth aluminates. 

■Several tests were performed to determine 
whether non-centrosymmetric structures were 
present in any of the low temperature phases 
of pure PrAIO;,. Hysteresis loop tests for 
ferroelectricity gave negative results. Pyro- 

57 
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electric tests for spontaneous electric polari- 
zation using the method of Chynoweth[7] 
and the second harmonic generation test for 
absence of a center of symmetry gave mainly 
negative results|8|. These latter two tests did, 
however, give inconclusive evidence of an 
asymmetric structure in some highly twinned 
samples. The observation of these effects in 
such cases can be explained by the fact that 
with the centrosymmetric structures pro- 
posed, the boundary regions between adjacent 
twins cannot be centrosymmetric. Also, a 
very slight shift of the array of Pr atoms can 
result in an asymmetric structure which would 
not be in conflict with the structure calcula- 
tions[9], 

2. EXPERIMENTAL 

rhe variations in t which correspond to 
these anomalies were a small fraction of the 
measured dielectric constant (e =* 2.*!), there- 
fore, an automatically balancing, high sensiti- 
vity, capacitance bridge system was used to 
resolve them. The system used for these 
measurements* was operated at a signal 
frequency of I kH/. and has a resolution of 
0 02 pF. Continuous readout of changing 
capacitance coupled with high sensitivity 
permitted slow temperature scanning and 
recording of extremely small variations in 
€. The curves in Fig. 1 were derived from 
X-Y recorder traces in which a d.c. voltage 
proportional to the sample capacitance was 
plotted vs. temperature, 

The samples were mounted on a brass block 
together with two GaAs temperature sensors 
and an Advance wire healing coil. This 
apparatus was mounted in a helium dewar 
which was initially cooled to near 80"K by 
liquid iVj placed in the outer dewar chamber. 
Further cooling to 5“K was accomplished by 
transferring liquid helium vapor to the inner 
dewar chamber via a standard helium transfer 


•A General Radio Type 1680 Automatic Capacitance 
Bridge which consists of a self balancing bridge, a 
digitizing unit and an analog converter. 



F ig I. The dielectric conslant is plotted vs. T for the 
vanous values of.t which were tested in the Pr, ..Nd, AIO., 
.system. In each figure the temperature was cycled m both 
directions over the range shown. The step anomaly at 
205°K had a S'K hysteresis. The slope change at IJI'K 
in (a) through (d) had no hysteresis but the step change 
at 47°K in (e) had ~ 1° hysteresis. The overall hysteresis 
below 205°K in (a) is thought to be due to the presence of 
different twin structures during the return part of the 
temperature cycle. 
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tube. One of the GaAs sensors was calibrated 
to an accuracy of about ±0-l°K. Its output 
was read on a digital voltmeter with a resolu- 
tion of ±0‘1°K. The other sensor was used to 
provide feedback to a temperature control 
system which supplied controlled power to 
the heater wound on the sample holder. The 
overall system performance provided a 
temperature control of ±0'25°K down to 
about 40°K and about ±0-5°K down to 5°K. 

The samples were platelets cut from flux 
grown crystals which normally grow in the 
form of parallelopipeds. In each case, samples 
were cut along directions which were parallel 
to the growth edges. Sample sizes were 
typically 12-25 mm'^ with thicknesses ranging 
from 0 08 to 0-4 mm. The absolute values of 
capacitance were in the 10-20 pF range. 
Generally the samples were single crystals 
in the trigonal phase and twinned in the low 
temperature phases. Aluminum electrodes 
-1 000 A thick were evaporated on opposite 
faces of the platelets. Aluminum foil strips 
were connected to these electrodes with 
a conductive epoxy cement. When mounted 
the samples were suspended freely by their 
connecting foil strips. This method of attach- 
ment was found to be necessary in order to 
reduce mechanical strain due to differences in 
thermal expansion coefficients between the 
sample and the sample holder. 

3. OBSERVATIONS 

The dielectric constant, «, of pure NdAIO;,, 
shown in Fig. 1 (g), was without anomalies and 
varied only about 2 per cent between 300 and 
5°K. 

Pure PrAlOa (Fig. 1(a)) on the other hand 
undergoes a first order transformation to 
monoclinic symmetry at 205°K, and exhibits 
a step change in e of about 2i per cent to a 
lower value. A 3° temperature hysteresis is 
also associated with this anomaly. The 
temperature at which this transformation 
occurred was found to vary over several 
degrees for different samples. This variation 


is believed to be due to the presence of 
extrinsic strain. Evidence of this was the 
ability to change the transformation tempera- 
ture by stressing the sample near the critical 
temperature. A slope change at ISTK is 
accounted for by the transformation to the 
triclinic structure. The slope change and the 
absence of hysteresis observed at this 
temperature are consistent with the identifica- 
tion of this transformation as being of second 
order. The ISTK transformation was un- 
affected by external stress in contrast to the 
205°K transformation. Several samples were 
fabricated with semitransparent Al electrodes 
about 200 A thick. This permitted simul- 
taneous visual observation of the twin 
structure along with the capacitance measure- 
ment. A series of twin patterns which changed 
rapidly with temperature were observed 
visually in going from 151 to 80“K. Over this 
temperature range e was observed to increase 
about 2 per cent. Near SO^K most samples 
assumed a relatively stable finely twinned 
structure, in some cases, however, large 
untwinned regions suddenly appeared. A step 
change in e to a lower value (not shown in 
Fig. 1(a) because of its variability) was 
associated with this sudden change. Several 
as grown’ samples which had not had 
mechanical treatment such as cutting, grinding, 
and polishing, were observed to become single 
domain in the triclinic phase near 80°K. Thus, 
it appears that this twin structure may in 
some cases be attributed to extrinsic strain. 

The overall hysteresis below the 205° trans- 
formation shown in Fig. 1(a) only occurred 
if the sample was taken below -120°K in any 
given cycle. If T was reversed above 120°K. 
the increasing T curve was coincident with 
the decreasing T curve, as was the case in 
Kb), 1(0 and 1(d). Since the samples tended 
to be highly tw inned in the triclinic phase with 
new sets of orientations occurring during 
successive cycles, the hysteresis can arise 
from a structural anisotropy due to the small 
distortion of the lattice from cubic symmetry. 
It has been proposed that the magnitude of 
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such an anisotropy could be expected to be 
of the order of 1-2 per cent [10], as was 
observed. 

Figures 1(b)- 1(f) show the efl'ects of 
increasingamountsof Nd" ion.sin the PrAIO:, 
lattice. It is important to note that the lower 
temperature transformtition in the r = 0-.‘i 
curve (1(e)) exhibits a step anomaly with a 
temperature hysteresis, suggesting a 
first order transformation instead of the 
second order transformation observed for 
this anomaly with a > O-.S. The .v=()-7.S 
curve 11(f)) exhibits a 0-8 per cent step 
anomaly at -20°K which appeared to have 
some hysteresis also. The temperature at 
which this anomaly occurred varied over 
several degrees in the sample tested mtiking 
it difficult to be precise as to its nature. A 
twinned structure appeared at this tempera- 
ture and continued to he in evidence down to 
5'’K. ('omparison of the curves in F'ig. I also 
reveals a gradual decrease in the absolute 
vtilue off with increasing Nd concentnition. 

Figure 2 shows the various tinomalies 
observed in the Pr,_,rNd,, AIO, system 
plotted as a function of temperature. I he 
coordinates of the single anomaly observed 
with .t - 0-7.5 arc on the upper curve which 
represents the first order transformations 
and, therefore, also suggests that it is a first 
order type. I his upper curve can be seen to 
be quite linear whereas the lower leniperature 
anomaly appears to vary difi'erently. It should 
be noted that since the error in temperature 
can be considered as negligible on the scale 
given in Fig, 2. and since the value of v is Ihe 
same for both curves, one must explain the 
deviation from a simple curve of the lower 
T anomaly points, especially since the upper 
T anomaly points fit a linear curve. It should 
also be noted that several samples of pure 
PrAIO^ were measured and the upper 7 
anomaly was reproducible within 5'’ and the 
lower T anomaly within 2°. 

Reorientation of the crystallographic axes 
has been found to occur in PrAIO, in the 
friclinic phase when a magnetic field of about 


1 5 Ag is applied perpendicular to the pseudo- 
tetragonal or c axis. This effect has been 
described in some detail elsewhere [2]. Using 
this effect we have observed a change in e of 
1-2 per cent when the c axis was switched 
from being parallel to E to being parallel to 
the magnetic field. //, where E and H were 
mutually perpendicular. This change, there- 
fore, represents Ihe diclectrie anisotropy for 
/•; parallel and perpendicular to c. A dimen- 
sional change associated with this effect 
usually destroys the electrodes after one or 
two ’switches' making quantitative measure- 
ments of the effect difficult. We have not 
studied the effect of a magnetic field on the 
mixed Pr,. j Nd,.AIO;j system except for the 
r - 0-7.5 ca.se where below the 20°K anomaly, 
an effect of magnetic field on the dielectric 
constant was observed. The effect of magnetic 
field up to 20 kg on both phase transformalion 
temperatures m pure PrAIO, was studied, 
however, and no effect was observed within 
experimental error. 


4. SUMMARY 

We have measured the unclamped dielectric 
constant ot PrAIO, crystals and observed the 
anomalies due to two phase transformations 
and the structural re-orientation of the 
crystallographic axes m the Iriclinic phase by 
a magnetic field, A dielectric anisotropy of 

1-5 per cent has also been observed by the 
Use of this latter effect which is probably an 
aveiagc value due to the presence of a twinned 
structure. Interesting effects took place on the 
phase It ansformations as Nd-*^ ions were 
substituted for Pr'" ions. Both transformations 
shifted U) lower temperatures as the amount of 
Nd„ increased, The second order transforma- 
tion appeared to change character when the 
concentration approached 50 per cent. 
Investigations of these effects may aid in 
Ihe understanding of ion-ion interactions in 
the rare-earth ortho-aluminates as well as the 
crystal field theory appropriate to these 
materials. 
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Fig. 2. The anomalies observed in Ihe Pr, ^Ndj-AIO,, system are shown on a plot of 
X vs. T. 7 he .solid linear curve represents the first order transformation which occurred 
at higher T. The dashed nonlinear curve represents the second order transformation 
(circle points) which appears to have become a first order type (triangular psuntl for 
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EFFETS DE TAILLE DANS LES SOLUTIONS 
SOLIDES DE L’ALUMINIUM AVEC LES METAUX 
DE TRANSITION DE LA PREMIERE SERIE 

JE/VN BLETRY 

Laboratoire de Physique des Solides*. Faculte des Sciences, 9 1 , Orsay, France 

(Receivecn October, revised form22 September 1969) 

Resumi-On a prepare par ircmpe ultra rapide de I’ctat liquide une serie de solutions solides des 
metaux de transition (Ti, V, Cr, Mn, Fe, Co, Ni) dans I'aluminium jusqu'a une concentration de 
2-5 pour cent a/. 

l.a variation du parametre de reseau de ces solutions solides avec le type d'impurete esi en accord 
qualitatif mais non quantitatif avec celle calculee par Blandin et Deplante. 

Les causes possibles des ecarts observes son! discutees. 

Abstract - A series of solid solutions of transition metals iTi, V, Cr, Mn, Fe. Co, Ni) in Aluminium has 
been prepared by splat cooling method, up to concentration of 2-5 per cent at. 

The variation of the lattice parameter of these solid solutions with the different impurities is in 
qualitative but not quantitative agreement with the calculation by Blandin and Deplante. The possible 
cause of the observed discrepancy are discussed. 

1. rNTRODCCTION 

La notion d'etat lie virtuel d[l] permet 
d’analyser la structure electronique des 
impuretes de transition en substitution dans 
le reseau d un metal normal. Grace a ce 
modele, il est possible d’expliquer la variation 
de certaines proprietes physiques de ces 
solutions solides en fonction du nombre 
atomique du metal de transition dissous. Ainsi 
Deplante [2] a pu calculer, au prix de tres 
nombreuses approximations, la variation du 
parametre de la maille qui resulte de la dis- 
solution d’une impurete de transition dans une 
matrice d'aluminium. Malheureusement la 
quasi-insolubilite de ces metaux (et plus 
particulierement du fer, du cobalt et du nickel) 
dans I'aluminium interdisait jusqu’alors une 
verification experimentale sure de ces pre- 
visions theoriques. 

Pour surmonter cette difficulte, nous avons 
utilise la technique des trempes ultrarapides 
de Duwez[3] car elle permet de preparer des 
solutions solides metastables Al-T tres forte- 


*Laboratoire associe au C.N.R.S. 


ment sursaturees en T. Nous avons done pu 
etudier les variations du parametre cristallin 
de ces alliages en fonction de la concentration 
en metal de transition et cela dans de bonnes 
conditions puisque les variations a mesurer 
etaient notables. Nos rcsultats. pour les sept 
metaux de la serie Ti, V. Cr. Mn, Fe. Co, Ni. 
n'ont pas etc conformes aux previsions: nous 
avons essaye d’interpreter ce disaccord 
en discutant les diverses approximations 
employees par Deplante. 

2. METHODES EXPFJUMENTALES 
( I ) Preparation des solutions solides Al-T 
Les alliages Al-T ont ete prepares au four 
a induction dans des creusets en glucine, 
refractaire tres resistant a I'aluminium a haute 
temperature. Im concentration en impuretes 
parasites ne depassait pas I pour cent de la 
concentration en metal de transition. Des 
batonnets de 20 mg environ ont ensuite ete 
prdeves sur ces alliages pour etre trempes. A 
cette fin. nous avons employe les appareils de 
trempe ultrarapide construits par Dixmier[4). 
Leur principe consiste a ecraser une goutte 
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d’alliage liquide entre deux parois froides. Les 
lamelles ainsi obtenues ont une epaisseur de 
4 a 10 ja et une surface de quelques mml 

(2) Mesures de parametre 

Les alliages d’aluminium prepares par 
trempe ultrarapide sent microcristallisds. La 
taille moyenne des grains, estimee a I’aide 
des largeurs de raies, esl voisine de 1000 A. 
Pour obtenir les diagrammes de diffraction de 
ces poudres, nous avons choisi I’enregistre- 
ment photographique avec une chambre 
Seeman-Bohlin travaillant par reflexion et 
associee a un monochromaleur. Cette methodc 
presente deux avantages; 

(a) l.a grande etendue du doniaine d’angic 
convert permet de dcceler I’apparilion de 
raies supplementaires provenant d’un debut 
de precipitation du metal de transition on une 
phase intenncdiaire. 

(b) La chambre esl tres dispersive, con- 
dition indispensable pour des mesures precises 
de parametre. 

Pour determiner les faibles variations Au 
du parametre a de ces solutions solides en 
fonction de la concentration atomique C en 
element de transition dissous (de I’ordre de 
quelques pour cent), nous avons utilise une 
methode differentielle: Apres avoir evaporc 
sur nos echantillons une mince couchc 
d’aluminium, nous avons mesure la distance 
des raies donnees par la solution solide con- 
siderce et par I’aluminium pur. Toutefois la 
raie de I’alliage trempe e.st tellement elargie 
qu’elle se superpose a celle de I’aluminium 
(Fig. 1). Afin de separer la raie fine de I’etalon 
de la raie large de la solution solide, nous 
avons compare de la fai^on suivante les den- 
.sitogrammes du diagramme de la solution 
solide seule: /i,s(^) et du mdange aluminium f 
solution solide: A.(S): On retranche tout 
d’abord de Rl usiO) = I zsiO). le co- 

efficient R etant ajuste pour que la difference 
soil nulle en dehors de la raie de I'aluminium. 
Cette difference donne alors le profil vrai 
/ 2 Ai(^) de la raie de I’aluminium d’oii la dis- 
tance angulaire des deux raies et 


/y.((9). Finalement, compte tenu de la 
precision des pointes, I’erreur absolue sur le 
parametre ne depasse pas; Au = 0,0007 A. 

II serait illusoire d’esperer mieux vu la 
largeur des raies des solutions solides. Ce 
serait d’ailleurs inutile car la principale in- 
certitude affectant nos mesures est I’incerti- 
tude sur la concentration. 

(3) Mesures de concentration 

Le but de I’experience etant la mesure de 
Ao/Co. celle-ci n'a de sens que si I’erreur sur 
C e.st aussi reduite que possible. Or la teneur 
en metal de transition des lamelles obtenues 
par trempe ultrarapide peut differer de fa^on 
considerable de la valeur nominale de la con- 
centration de I’alliage mere. II est done 
necessaire de mesurer la concentration des 
echantillons memes qui servant aux deter- 
minations de parametre. 

Le choix de la methode de mesure a ete 
dicte par la masse de metal de transition a 
doser qui, pour un echantillon de 5/i d’epais- 
,seur et de 5 mm’' de surface et une con- 
centration de quelques pour cent, est d’environ 
10"“ g. On ne peut esperer doser avec pre- 
cision une si faible masse a I’aide d’une 
methode chimique. Nous avons done utilise 
la microsonde electronique. 

Pratiquement on deduit du rapport kr des 
inlensites X de longueur d'onde Ar emergeant 
de la solution solide AI-7’ et du temoin de 
transition T pur, la concentration massique 
Cr en T dans I’echantillon. Pour cela nous 
avons elabli une courbe d’etalonnage en 
suivant la methode preconisee par Philibert 
15|. Les dilferenles corrections necessaires 
pour obtenir C,- a partir de kr sont affectees 
d’une incertitude theorique. En effet, ces 
corrections sont calculees en se fondant sur 
de nombreuses approximations et sur le choix 
d’un modele de trajectoires electroniques. 
Elies sont done sujettes a caution. Toutefois 
I’ecart relatif entre k^ et Cr ne depasse pas 
20 pour cent et il est legitime d’espdrer que 
I'erreur relative commise en calculant ces 
corrections est inferieure a 5 pour cent. Par 
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DENSITOGRAHME W° 1 


A'B' 
n n 



DENSITOGRAHHE N° 2 


Eig I Mciiure de la distance de deux raies voisines doni Tune est fine el l aulre large 


ailleurs, la mesure de kr est enlachee d’erreurs 
experimentales qui entrainent une incertitude 
supplementaire sur Ct estimee a moins de 5 
pour cent [6], Au total, I'erreur relative sur 
la concentration Ct n’excede pas 1 0 pour cent. 

3. resultats experimentaux 
(1) Variations du parameire a des solutions 
solides Al-T avec la concentration atomique 
C en impurete de transition T 
L’effet se caracterise par la quantite p = 


{daladC)(„„ donnant la variation relative du 
paramctre de I’aluminium par pour cent 
d’impurele dissous et pour une dilution infinie. 
Nos resultats sont consignes dans le Tableau 1 . 

L'amplitude des variations de p est six fois 
plus faible en moyenne que celle qui a ete 
prevue par Deplante[21. 

Une premiere explication de cet ecart 
serait la mise en solution incomplete de 
I'impurele dans le reseau de I’aluminium. La 
concentration reelle de la solution solide 
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serait alors inferieure a la concentration 
globale mesuree a la sonde. 

Mais dans cette eventualite les atomes 
d’impurete qui ne sont pas en solution 
doivent etre soil a I’etat de metal libre, soit 
lies a I’aluminium sous forme d’un compose 
plus riche en atomes dissous. 

Dans le cas des echantillons les mieux 
trempes (les plus minces) qui, seuls ont ete 
utilises pour nos mesures de parametre, nous 
avons pu verifier que I’on pouvait ecarter ces 
deux possibilites. 

a Presence de f>rains de melal de transition 
d I'elat lihre. Ces alliages trempes ont fait 
I objet tres recemment[13] de mesures de 
susceptibilites magnetiques. 

L’appareil utilise, d’une tres grande scn- 
sibilite permet de decelcr quelques ppm 
d’impurete ferromagnetique dans rechantillon. 
Nous avons ainsi constate que les alliages a 
base de Fe. Co, Ni, n'ctaient pas ferro- 
magnetiques: il n’y a done pas de petits 
cristaux de ces metaux a I’etat pur dans les 
echantillons. 

On parvient a la meme conclusion dans le 
cas des alliages contenant des metaux de 
transition paramagnetiques. Lcur susceptibi- 
lite ne suit pas une loi en 1/7 comme celle de 
ces metaux a I'elat pur. 

0 Presence de precipitvs AI„Tfl. La forma- 
tion de precipiies, au cours de la solidification, 
prevuc par le diagramme d'equilibre thermique 
peut etre siiivie sur une serie d’echantillons 
ayant subi des trempes de rapidite croissante. 

l-cs diagrammes de R-X des lamelles les 
plus epaisses (> 50 /x) font apparaitre une 
deuxieme phase solide reconnaissable aux 
raies caracleristiques du compose inter- 


mediaire cependant que les raies de I’alumin- 
ium ne sont pas deplacces. 

Pour une vitesse de trempe superieure les 
raies de I’aluminium sont dedoublees: une 
composante du doublet correspond a de 
I’aluminium pur, I'autre a la solution solide. 
La position de cette raie deplacee est fixe 
mais son intensite variable suivant I’etat de 
recuit de I'alliage; en meme temps, les raies 
de la seconde phase diminuent en intensite. 

Lorsque la vitesse de trempe est suffisante 
[e< lO/i] la raie de I’aluminium pur a 
totalement disparu au profit d’une augmenta- 
tion d'intensite de la raie deplacee. Enfin les 
raies du compose intermediaire sont totale- 
ment absentes. 

Le fait qu’on n’observe pas de deplacement 
intermediaire pour les raies de I'aluminium 
prouve que la precipitation de Al„Tj est dis- 
continue. Lorsque celle-ci est amorcee dans 
tin grain elle se developpe trb rapidement. 

Par consequent si le diagramme de RX ne 
presente qu’un seui systeme de raies deplacees 
pour I’aluminium, nous devons admettre 
qu’aucune segregation n’a eu lieu. 

L’impuretc est necessairement dans le 
reseau de I’aluminium. 

(2) Particidarites des differentes solutions 
solides Al-T 

(a) Solutions solides Al-Ti. II faut nolerque 
dans ce cas la valeur de p est moins certaine 
que les valeurs obtenues pour les autres 
metaux dc la serie de transition. En eflfet, nous 
n avons fail qu’une seule mesure et il n’est 
pas sur que dans I’alliage considere tout le 
titane soit dissous. La valeur reelle de 
\daludC\ peut done etre superieure a la valeur 
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Tableau 1 

Ti V Cr Mn Fe Co Ni Cu 

22 2i 24 25 26 27 28 29 

-0,032 - 0,143 -0.170 -0.137 - 0.136 - 0,105 - 0,044 - 0,120 

-0,704 -0,796 -0,722 -0,511 -0,241 -0.019 -F0,074 0,000 
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ci-dessu$. Cependant le signe de I'efTet est 
sur et son ordre de grandeur probablement 
correct. 

(b) Solutions sotides Al-V. Dans le cas du 
vanadium la sursaturation obtenue partrempe 
ultrarapide est anormalement faible. En effet, 
bien que la solubilite naturelle du vanadium 
dans I’aluminium vers 650°C atteigne 0,20 
pour cent, sa solubilite apres trempe n’excedc 
pas 2 pour cent. Au contraire, la solubilite du 
fer, du cobalt et du nickel passe dans les 
memes conditions de quelques 0,01 a 5 pour 
cent (cf. Tableau 2). 


Apres une trempe ultrarapide les limites de 
solubilite du chrome et du manganese dans 
I’aluminium sont les plus grandes de toute la 
serie de transition et depassent certainement 
6 pour cent. 

Les variations du parametre de I’aluminium 
en fonction de la concentration en manganese 
et en chrome prolongent parfaitement les 
resultals obtenus par Falkenhagen et Hofmann 
[7] puis Varich et Burov [8]. 

(d) Solutions solides Al-Fe. La preparation 
de ces solutions solides a rencontre quelques 
difficultes. En effet I’alliage n’est homogene 
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( e phenomene peut sans doute s’interpreter 
en se referant a notre etude de la vitesse de 
trempe [6]. Nous avons montre que I’efficacite 
de la trempe dependait essentiellement de la 
duree de la solidification de la goutte d'alliage 
liquide et que cette solidification se deroulait 
au voisinage de la temperature de fusion. Le 
Tableau 2 montre que la solidification de 
I’alliage Al 95%‘-V 5% se produit vers 1 100°. 
Cette temperature bien plus elevee que pour 
les autres elements de la .serie explique que 
la diffusion du vanadium dans I'aluminium soit 
plus rapide, ce qui permet une organisation 
des atomes en un mdange de deux phases; fa 
solution solide et la phase AI,iV. La solution 
solide a un parametre constant independant 
de la concentration en vanadium et la phase 
precipitee se manifeste par I’apparition des 
4 raies les plus intenses de son diagramme de 
poudre (d= 2.450, 2,208. 2,182. 2,089 A). 
Naturellement ces raies sont tres elargies et 
tres peu intenses. 

(c) Solutions solides Al-Cr et Al-Mn. 


que si la trempe est tres rapide, c‘est-a-dire 
quand la lamelle est tres mince (e < 5 /xI6]). 
Dans le cas contraire, nous avons constate 
que le parametre de I'alliage est egal a celui 
de Taluminium. Et pourtant I’analyse a la 
microsonde montre que le fer est reparti de 
fagon uniforme (a I'echelle du 1 n") dans 
I’alliage. Si ce fer n'est pas en solution solide, 
il doit etre concentre dans une tres fine phase 
precipitee. D'apres le diagramme d'equilibre 
ce serait la phase Al,,iFe^[9]. Neanmoins nous 
n’avons pas irouve sur le diagramme de 
diffraction de I'alliage les raies caracteristiques 
de cette phase, probablement parce qu'elles 
sont tres peu intenses en raison de la basse 
symetrie de AI,.iFe^ (monoclinique). Done, 
meme quand on constate une variation de 
parametre, on ne peut etre sur que tout le fer 
donne par I’analyse soit en solution solide. 

(c) Solutions solides Al-Co et Al-Ni. Pour 
le cobalt el le nickel, le deplacement des 
limites de solubilite produit par trempe ultra- 
rapide est considerable. Les meilleurcs 
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trempes permettent d’en dissoudre jusqu’a 5 
pour cent atomique alors que la solubilite 
naturelle de ces elements est de quelques 
ppm. C’est pourquoi aucune valeur de nlT) 
n’avait ete obtenue auparavant. 

(3) Etude des larfu'urs de raies des d'ut- 
grammes des poudres Al-T 

La trempe ultrarapide des alliages Al-T 
donne des solutions solides dont les raies sont 
tres larges. Nous avons cherche la cause de 
cet elargissement. Deux modcles se presentent 
a I’esprit: 

(a) L'idarpissement est du a ttn pur effel de 
laille des crislallilcs. Les grains de la solution 
solide seraient parfaitemenl crisiallises mais 
leur petite taille elargirait les doniaines de 
diffraction de Bragg. Par la I'ormule de Scherrer 
on pent alors tirer de la largeur d’une raie a 
mi-intensite tin ordre de grandeur de la di- 
mension moycnne L des grains; 


Bh.,: angle de Bragg de la raie considerec. 

A : I .ongueur d'onde utilisee. 

(b) L'idiir^issenien! est du a tin pur effet de 
distorsion. Dans ce cas les grains de la .solu- 
tion solide sont gros mais mal cristallises. 
L’elargissement des domaines de diffraction 
est du aux distorsions du rcseau dont le 
parametre varie d’un point a un autre d’un 
grain. Si Ton admet que ces distorsions 
peuvent etre representees par une statistique 
de repartition des parametres de largeur A</, la 
largeur a mi-hauteur est donnce par: 

~ 2 -— 

L’experience montre[6J que cette seconde 
hypothese est preferable. Une question se 
pose alors: Quelle est l origine de cette re- 
partition statistique des parametres? La 
encore on peut envisager deux modeles: 


(a) Les divers grains de solution solide sont 
hien crisiallises mais n’ont pas la mime 
concentration. Dans ce cas I alliage n est pas 
homogene a I'echelle microscopique. La 
stati.stique de repartition des parametres re- 
produit alors la statistique du nombre des 
grains ayant une concentration donnee. Les 
analyses effectuees a la microsonde rendent 
cette hypothese peu vraisemblable. En effet, 
la largeur statistique maximum des inhomo- 
gendtes de concentration AC est determinee 
par ces mesures. De AC on deduit les fluctua- 
tions de parametre An et une largeur de raie 
thcorique Ai,.i(20). Dans tous les cas cette 
largeur calculee est environ dix fois plus 
petite que la largeur effectivement mesuree. 

(b) Nous sommcs done conduits d admettre 
que les differents grains de solution solide ont 
sensihlement la mime composition (ce qui 
est logique puisque la trempe se fait d partir 
de I'etal liquide homogene) mais que le fait 
essentiel est la distorsion du reseau. Quelle 
est I’origine de ces distorsions? Tout d’abord 
la trempe ultrarapide introduit de nombreux 
defauts meme dans un metal pur. D’autre part, 
la substitution d’atomes de transition aux 
atomes d'altiminium perturbe le reseau de 
fagon considerable puisqu'il est impossible 
de realiser cette substitution a I'etat d’equi- 
libre. Ainsi pour des vitesses de trempe 
voisines (c'est-a-dire des epaisseurs d’echan- 
tillon cgales), la largeur des raies croit d’une 
fa^on a peu prb lineaire avec la concentration 
en impuretes dissoutes. Toutefois nous 
n’avons pas cherche a etudier quantitative- 
ment les distorsions du reseau et ne pouvons 
preci.ser davantage ce point. 

4. INTERPRETATION THEORIQUE 

Au facteur 6 pres, et si Ton normalise la 
courbc theorique a la valeur experimentale 
trouvee pour les solutions solides Al-Cu, la 
forme de la courbe experimentale reproduit 
assez bien celle de la courbe calculee (Fig. 2). 

Pour essayer d’interpreter ce disaccord, il 
convient d’examiner les diverses approxima- 
tions qui ont ete faites dans le calcul theorique. 
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Fig. 2. Comparaison dcs valeors expenmentales cl theoriques dc daladC. 
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A cette fin nous rappellerons les etapes suc- 
cessives du calcul de Deplante. 

L’introduction d’un alome de transition en 
substitution dans le reseau de I'aiuminium 
perturbe fortement la structure electronique 
de la matrice. Les dectrons se rearrangent 
autour de cette charge ionique supplementaire 
de maniere a lui faire ecran et des oscillations 
de densite electronique apparaissent autour de 
I’impurete. On suppose tout d'abord que les 
electrons de conduction de I’aiuminium pur 
peuvent etre traites comme des electrons libres 
de repartition spatiale unil'orme et que la 
perturbation possede la symetrie spheriquc. 
On analyse alors les functions d’ondc des 
electrons dc conduction cn harmoniqucs 
spheriques et Ton montre qu’il apparail 
autour de I'impurete un champ elcctrique dont 
la forme asymplotique a grande distance esi: 

y, , _ ('« sin (2^, /+(/>) 

Ink,' 

avec 

«sin(/) = 2 (-l)'(2/+ I ) sin- «,„(/■;.) 
o: COS (/) -" 2 ( - 1 ) '( 2/ 4 I ] sin ) 

<ti 

X cos fi,„( ) 

OLi est le dephasage introduit par la per- 
turbation dans la composante spherique 
d'un electron dc conduction de spin a an 
niveau de Fermi F, (correspondant au vcctcui 
d’onde k,,). 

Un ion de la matrice d'aluminium voisin dc 
I’impurete est done soumis a une force F(r) ~ 
zeE{r) si ze est sa charge, faction de 
I’ensemble de ces forces produit la contraction 
ou la dilatation du reseau. Les premieres 
approximations du calcul consistent: 

(a) A suppposer que lu forme asymptolique 
du champ elertrique perturhuteur est valahle 
a la distance Ro des premiers voisins. 

(b) A negHger totalement faction de ce 
champ sur les autres voisins. 

On suppose alors que la solution solide est 


ideale (e’est-a dire que les differents atomes 
d’impuretes sont repartis au hasard sur les 
noeuds du reseau de I’aiuminium) puis a 
I’aide d’une approximation elastique on montre 
que la variation relative du parametre cris- 
tallin a par unite de concentration s’ecrit: 

da ^ 1 nze^x^sin (2^y7?i) + d>) 
adC^\»nak, Rf 

n: nombre de premiers voisins = 12 pour un 
reseau cubique a faces centrees 
x: compressibilite de la matrice. 

11: volume atomique de la matrice. 

Le probleme se ramene done au calcul des 
dephasages ) dont dependent a et (jy. 
On utilise pour cela la regie de somme de 
Friedel|l()] qui relie la charge ionique 
supplementaire a ecranter Ze aux dephasages 

Z = h{2l+\)b,AEr). 

liT 

Comme I’atome d’aluminium a trois electrons 
dc conduction et I'atome de transition N 
electrons 3(/ et 4.s en dehors des couches 
pleincs, ilest naturcl de prendre [1 1]: 

Z=N-3. 

Cela revient a ignorcr la contribution a I’efFet 
de taille due aux couches internes ou encore 
a negliger la difference de periode entre 
I'aiuminium et les metaux de transition. 

Par ailleurs les impuretes de transition 
donnent naissance au phenomene de niveau 
lie virtuel decrit par Friedel[l|. L’energie 
des etats 3d de I’element de transition tombe 
dans le quasicontinuum de la bande de con- 
duction de 1 aluminium, II se produit alors un 
effet de resonance entre la composante d des 
etats de conduction de I’aiuminium et les etats 
3d. Les niveaux 3d sont elargis en energie et 
il apparajt un exces de probabilite de presence 
locali.se au voisinage de I’impurete et lie ^ 

I amplitude anormalement grande de la com- 
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posante d des electrons de conduction. En 
termes de dephasage cela se traduit par une 
rapide variation de 62 Qui P^sse de 0 i fr au 
voisinage de sur une largeur en energie 
croissant avec Erf-Eo (£» energie du bas de 
la bande de conduction de I'aluminium). 
Lorsqu’on parcourt la serie de transition, les 
^tats E,i de la couche d traversent le niveau 
de Fermi de I'aluminium (E,/ - Ef), le niveau 
lie virtuel se remplit progressivement et les 
variations de 82 „{Ef] sent importantes. Au 
contraire les dephasages 80 et 8 1 restent a peu 
pres constants. D’autre part, la largeur du 
niveau lie virtuel est grande car I’energie de 
Fermi de I’aluminium est elevee {Ea-E„ = 
EF-Ea= 12 eV) et il n’y a pas de decouplage 
des deux directions de spin[lll. 82 ,, est 
independant de a et 

Z = -( 8 „ + 38,4-5&,) 

77 

si Ton neglige les dephasages d’ordre / > 2. 

Pour tenir compte de la contribution a 
I’ecran des composantes s(/ = 0) et p{l = I) 
en meme temps que de I’effet de difference de 
periode entre Taluminiurn et les metaux de 
transition, il est naturel de rapporter les effets 
de taille a celui du cuivre dans I'aluminium. 
En effet, puisque 6 ,, et 81 varient lentement 
avec Z il est logique de supposer que les com- 
posantes 1 et p produisent le meme ecran 
pour toutes les impuretes de la premiere 
serie de transition et pour le cuivre de struc- 
ture electronique 3c/'"4.v'[l 1]. Or ie cuivre 
dissous dans I’aluminium possede une couche 
d pleine qui peut etre traitee comme une 
couche interne. On considere alors que la 
charge ionique supplementaire introduite par 
le cuivre dans I’aluminium: -l-e- 3e = -2e est 
ecrantee par les composantes spheriques s et 
p des electrons de conduction. 

Il reste a expliquer la difference entre les 
valeurs mesurees et calculees de I'amplitude 
des variations de p avec le numero atomique 
Z de I’impuret^ de transition dissoute. 
Deplante a montr 6 [ 12 ] que I'assimilation de 


la “compressibilite de I’impurete” a celle de 
la matrice peut entrainer une erreur relative 
sur p comprise entre 0.8 et 1 .5 et ne saurait 
done expliquer le facteur 6 observe. 

L' approximation la plus discutable vient de 
la fa(on dont est traitee la reaction de la 
matrice au deplacement des ions voisins de 
I’impurete. Cette reaction est calculee dans 
un modele d'elasticite lineaire; ceci suppose 
que les de placements ne sont pas trop impor- 
tants. Or, les deplacements predits impliquent 
des variations locales de volume de I’ordre 
de 20 pour cent (pour Ti, V. Cr. Mn). La 
limite de I'elasticite lineaire etant generale- 
ment atteinle pour des variations relatives de 
volume de I’ordre de 0, 1 . on est done largement 
sorti de ce cadre. Par ailleurs, les effets non 
lineaires sont probablement plus importants 
pour des contractions comme e'est le cas pour 
les impuretes de transition dans I'Aluminium. 
Dans un modele plus approprie. toute la partie 
gauche de la courbe theorique devrait done 
se trouver largement remontee en ordonnees. 

5. CONCLUSION 

La mesure des variations du parametre de 
I’aluminium avec la concentration en impuretc 
de transition pour sept elements de la serie 
(Ti. V, Cr, Mn, Fc. Co. Ni) a ete entreprise 
pour les comparer a des valeurs calculees. 

Malgre une difference d' amplitude entre les 
valeurs observees et calculees le modele des 
etats lies virtuels d decrit d'une fagon saiis- 
faisante Failure des variations de p tout au 
long de la premiere serie de transition. En 
particulier on verihe bien que dans I'aluminium 
les 2 niveaux lies virtuels de spin oppose ont 
la meme energie moyenne car en presence 
d’un decouplage Failure des phenomenes 
serait ires differenie. 
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Abstract- Within the uncertainty of the experiment, the rate of I- center formation per unit energy 
retained in Harshaw KBr irradiated at 78‘’K at equal energy flux is the same (0 78 i0 02 f center/keV) 
whether the incident-photon energy is 1.34 keV or 141 keV. (The K edge of bromine is at 13-5 kev ) 
Since a large background of multiply ionized atoms is expected whether the incident-photon energy is 
13 4keV or 141 keV, the above result is not sufficient evidence to conclude that a Varley mechanism 
of F center formation is not operative. Each of the monochromatic beams was the X-ray fluorescent 
output either of powdered RbC'l filtered with a thin layer of NaBr or of powdered SrtNO,)j filtered with 
RbCI. I'he half-width of each monochromatic beam was 330 eV, An air ionization chamber used to 


measure the flux was calibrated with a calorimeter 

I. INTRODUCTION 

Several models have been suggested for the 
mechanism of formation of Frenkel defects 
in defectless regions of alkali halides{I-51. 
The model suggested by Varley [1] requires 
multiple ionization of a halogen prior to dis- 
placement from its normal lattice position. 
Researchers interested in understanding the 
mechanism of displacement of a halogen ion 
from its normal lattice position have measured 
the efficiency of F center formation |6-8I. 
Also, several studies of the formation of F 
centers in alkali halides during exposure to 
ultraviolet light have been made(9-ll|. Fur- 
thermore. since an initial ionization in an inner 
shell of a halogen ion leads by means of an 
Auger cascade to a multiple ionization [1 2), 
selective ionization of an inner shell can be 
used to test a multiple-ionization mechanism 
offormation of /'centersinj.Thus, J. Sharma 
and R. Smoluchowski [14] tested the efficiency 
offormation of F centers in KCI and in KBr at 


• This Work is based on a thesis submitted by B. A. 

C ruz-Vidal to the Physics Department. Harvard Univer- 
sity in partial fulfillment of the requirements for a Ph D. 

tOak Ridge Graduate Fellow, 1 964-67. tinder apptunt- 
ment from The Oak Ridge Institute of Nuclear .Studies. 
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room temperature and at liquid-nitrogen 
temperature as a function of incident photon 
energy in an energy range which included the 
halogen K-absorpiion edge. At room tempera- 
ture they found no change in the efficiency of 
F center formation as the incident-photon 
energy became larger than the halogen A- 
absorption energy. However, at liquid- 
nitrogen temperature they found that in KBr 
and in KCI the efficiency of formation of F 
centers increased by a factor of M and 2'5. 
respectively, when the incident-photon energy 
became larger than the halogen A -absorption 
energy. 

In the present paper the measurement of the 
relative efficiency of formation of F centers in 
KBr at 78'’K during exposure to monochro- 
matic X-ray photons of energy either above 
(l4 IkeV) or below (l.T4keVl the halogen 
A-absorplion energy (13'5keV) is reported. 
Two succeeding papers -but on RbBrand on 
KCl - disclose results similar to those reported 
here for KBr. 

2. EXPERIMENTAI, METHOD AND CONTROL 

The X-ray beam from a Machlett AEG-.30S 
tungsten-target X-ray tube operated at 4.S kvp 



1274 


B. A. CRUZ-VIDAL and H. J. GOMBERG 


in a General Electric XRD-5 machine was 
incident at a 45° angle on an aluminum plan- 
chet called a radiator. The radiator was filled 
with a compound of an element whose Kg 
fluorescence is either above or below the 
bromine X-absorption energy. All other 
elements in the compound were of low atomic 
weight, The fluorescence emitted perpendi- 
cular to the incident beam by the radiator was 
filtered by a thin film of a compound contain- 
ing low atomic weight elements and an ele- 
ment whose A'-absorption edge lies between 
the K„ and the Ki, energies of the element of 
interest in the radiator. The filtered fluor- 
escence of the radiator, consisting almost 
exclusively of A„ fluorescence, was incident 
on the sample. The half-width of the filtered 
monochromatic output was approximately 
.130 eV. 

A radiator made of firmly pressed RbBr 
powder was used with a filter of NaBr for 
irradiation with photons of energy below the 
bromine A'-absorption energy (ll-l keV). '['he 
AVeniission energy of Rb is 13-4 keV. l or 
irradiations with photons of energy above the 
bromine A'-absorption energy, a Sr(NO:,).j 
powder radiator was used with a RbCI filter. 
The AVemission energy of Sr is 14- 1 keV. 

The filtering compound was finely ground 
and then suspended in a fresh solution of equal 
parts of Carter’s 465 household cement and 
acetone. The resulting suspension was poured 
onto a 0-001 in. thick mylar film stretched on a 
plexiglass frame. A uniform film resulted 
when the mixture was dried slowly under low 
hunndity conditions. The filters were tested 
using ordinary crystal diffraction. The criter- 
ion for a good filter was that it looked uniform 
and reduced the intensity of the Kf, fluores- 
cence to less than 2 per cent of the total 
fluorescent output. See Figs. 1 and 2. 

An air ionization chamber was used to 
measure the relative value of the monochro- 
matic flux of the two radiator-filter combina- 
tions. A system manufactured by the Victoreen 
Instrument Company was used. It consists of 
a cylindrical condenser, model 651. and an 




ze ISCATTEWNS ANOLEI 

I'ig 1. .Spcctriim ;in;ilyses of Ihe fluorescent emission of 
ihc Rbt'l radiator- before and after NaBr filtration A 
quartz diffraction crystal was used. 

electrometer, model 570 condenser R-meter. 
The readings in the R-meter are in V-units,' a 
measure of absorbed energy in the air space of 
the ionization chamber. This reading is con- 
verted to an incident-energy-flux measure- 
ment as follows: Let iilp be the mass-energy 
transfer coefficient of air for a given incident- 
photon energy; p, the density of air; cl. the 
depth of the absorption chamber along the 
direction of incidence of the radiation; /„, the 
number of photons incident on the chamber; 
and /„, the number of photons absorbed in the 
chamber; then, to a first approximation 1^ is 
given by 


The flux incident on the chamber, Fo, is pro- 
portional to IjAi, where A is the face area of 
the chamber and t is the exposure time. Thus, 
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Fig. 2. Spectrum analyses of the fluorescent emission of 
the Sr(NO|)j radiator- before and after RbCI filtralion. 
A quartz diffraction crystal was used. 


the incident flux, Fo, in units of energy per unit 
area per unit time is given by: 


Fo = C 


Ai 

(m/p)'’ 


where / is the exposure time, and C is the 
factor required to change the reading of the 
R-meter (which is proportional to /„) from 
V-units’ to units of absorbed energy per 
unit mass. 

A calorimetric calibration of the dosimeter 
was made. The result (shown in Table I), 
based on limited data, is: C = (ll-7±0-2) 
ergs/V-unit’-g. The calorimeter, which 
operates at liquid-nitrogen temperature, had 
been designed and built at the University of 
Michigan [15]. The incident X-ray flux is 
admitted to the calorimeter vessel through an 
aluminized mylar window (0-001 in. thick) and 
a cold beryllium window (0 002 in. thick), and 
then is totally absorbed by a cold but electric- 
ally and thermally insulated gold target. The 
gold target consists of two layers of gold foil 
and a coiled healer wire of known resistance 
located between the foil layers. Two thermis- 
tors. thermally connected to the back of the 
target, form two resistances of a Wheatstone 
bridge. When radiation is absorbed by the 
calorimeter, heat from the target brings about 
a change in the resistance of the thermistors. 
This causes an imbalance in the Wheatstone 


Table I, The energy equivalent oj one 'r-unit' measured by 
the Victorcen 651 Ionization Chamber and 570 Electro- 
meter. The corrections indicated in the third column were 
included in the second column. Also, the values in the 
second column were corrected for the absorption of a 0-002 
in. beryllium window in the path of the beams. No correc- 
tion for loss due to Compton scattering has been included 


Fraction of incident 
flux lost by L 


Photon 

energy 

(keV) 

Energy equivalent 
of one ’r-unit' 
(ergs/‘r-unit’-g) 

fluorescence by the 
calonmeier’s gold 
target 

13-4 

12-3 

0-019 

14-1 

11-3 

0-03 

14-9 

12-1 

0-034 

IS-7 

11-2 

0-028 


A veriige energy 
equivulent of 
one 'r-unil' 
(ergs/‘r-unil'-g) 


l|.7±n'2 
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bridge. The imbalance is recorded in a fast 
moving strip-chart recorded; the slope of the 
signal on the chart changes with a change in 
the energy absorbed by the target. The dissipa- 
tion of a known amount of energy in the resis- 
tance coil of the gold target permits the 
response of the recorder to be calibrated in 
energy units. Table 1 shows the values 
obtained for the energy equivalent of one 
V-unit' for several of the photon energies 
used. 

For all the experiments reported here, the 
incident-energy flux was: 

/•„= (.T«5±() 08) X l()"‘cV/cm--hr. 

Since this value is affected by the choice of 
values of the mass-energy transfer coefficient 
used, those values are given here: 2-20cm-/g 
at 13'4keV, and l'93cm-/g at 141 keV. The 
given uncertainty in /■„ reflects only the un- 
certainty (±2 per cent) in the relative dosi- 
metry: i.e., the uncertainty in the knowledge 
that the flux, was the same in all the runs. 
The actual uncertainty in h\, is larger (2-7 per 
cent) for it must include the uncertainty (1-6 
per cent) in the energy calibration of the 
response of the dosimeter. Since the experi- 
ment is intended to compare the efficiency of 
r center formation during exposure to 13-4 
keV incident photons with the efficiency of /•' 
center formation during exposure to 141 keV 
incident photons, only the relative value of the 
fluxes must be known. 

A dewar manufactured by Superior Air 
Products was used in this work. At the bottom 
of the dewar there are two windows optically 
aligned with two parallel holes drilled through 
a copper rod which was kept at liquid- 
nitrogen temperature. The sample was 
mounted with vacuum grease in front of one 
of the holes in the rod. The other hole was left 
unobstructed to serve as a reference for the 
optical measurements. The irradiation win- 
dow consisted of a tightly stretched mylar 
film 0'(X)l in. thick. The opposite window was 
quartz. With the dewar filled with liquid 


nitrogen, the temperature on the face of the 
crystal was 78“K. 

Throughout an experimental run a sample 
was exposed only to one incident photon 
energy, and each run was done with a different 
sample. The current of the X-ray tube, always 
operated at 45 kvp, was adjusted to. achieve 
the same incident energy flux on the sample 
regardless of incident-photon energy used 
(i.e.. regardless of the radiator-filter combina- 
tion used). The runs were interrupted at 
regular time intervals to make the optical 
measurements. Since the spectrophotometer 
was a manual Beckman DU, the measure- 
ments were usually limited to the peak of the 
F band; but a few points away from the band 
were included to verify the proper operation 
of the in.strumcnt. Unfortunately, the peak of 
the a band was beyond the range of accurate 
measurement of the spectrophotometer. 

Smakula’s equation [16, 17] gives the rate of 
I center formation per unit face area per unit 
time: 

d(A'd) ,.d/4 , 
dt " ^ d/ ■ 

where K is a constant, characteristic of the 
particular crystal and its temperature; N is the 
number of F centers per unit volume; J is the 
depth of coloration; and A = log,,) {IJIf} is 
the absorbance at the peak of the F band and 
is measured directly by the spectrophoto- 
meter. (/„ and 1 1 are respectively the incident 
and the transmitted intensity at the peak of the 
F band.) For KBr at 78''K the value of K is 
5-6 X 10' 'em -. 

fhe number of /• centers formed per unit 
incident energy. IdF/dF,), is 

I d(A'd} 

/•o dr • 

The rate of F center formation per unit energy 
rciained in the sample, (dF/d£„), is given by 
the following equation: 


The denvative of ttie tialf-widlh of Die absorption 
band was assumed lu be zero. 
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J IdA 

d£„ \-fF,dt' 


( 1 ) 


where / is the fraction of the incident flux 
which is lost by fluorescence through the front 
face of the sample. 

In the discussion that follows, the fraction 
(/) of energy lost by fluorescence from a 
diatomic slab during its exposure to a photon 
energy larger than the /C-absorption energy of 
an element in the slab is computed following 
the derivation by W. J. Veigele and N. J. 
Roper[18]. The probability of fluorescence 
occurring after an initial K shell ionization 
caused by scattering of an incident photon has 
been neglected. Assuming that the slab is 
infinitely thick. Equation 10 in the paper by 
W, J. Veigele and N. J. Roper[18] can be 
integrated to yield 

r_ ^fronl _ ^ (fy ~ I ) 

Fo fMi 2 hvo 


1 In ( 

1+^]' 

Pa \ 

M//J 


where F,ront >s the fluorescent flux lost through 
the front of the slab, hi>f is the energy of the 
fluorescent photon, hi'o is the incident-photon 
energy, xo/p is the probability (in g-cm*) per 
unit path length for photoelectric interaction 
in the slab at the incident-photon energy, p^/p 
and fiflp are the mass-energy transfer coeffici- 
ents in the slab at the incident-photon energy 
and at the fluorescent photon energy, respec- 
tively, (p is the density of the slab), is the K 
jump ratio, and % is the K shell fluorescent 
yield. Since the contribution of Compton 
scattering to the mass-energy transfer coeffi- 
cient of medium-weight atoms at about 
10 keV is only 1 g/cm^ tq is assumed equal to 
Po. For an infinitely thick KBr crystal exposed 
to incident photons of 13-4 keV./is zero. For 
a crystal exposed to incident photons of 14- 1 
keV, / is equal to 01 17.* A calculation of 


the fluorescence transmitted through the slab 
shows that for the samples that were used the 
transmission is negligible. Also, the fluores- 
cence through the front face of the sample is 
not changed appreciably by the approxima- 
tion that the samples were infinitely thick. 

All samples used were cleaved from the 
same single crystal of KBr obtained from The 
Harshaw Chemical Company. They were 0-5- 
0-8 mm thick, sufficiently thick to absorb all 
the radiation incident on the sample. 

3. EXPERIMENTAL RESULTS 

I. The rate of F center formation per unit 
energy retained in KBr at 78°A’ 

Figure 3 shows the growth curves of colora- 
tion at the peak of the F band for KBr crystals 
which were each exposed at 78°K to mono- 
chromatic X-ray photons of either 13 -4 keV or 
14-1 keV. For each sample the absorbance is 
plotted against time of exposure to X-rays. 
The lines on the figure are the least-square- 
straight lines which best fit the experimental 
points in the region of the growth curve that 
seems to be linear. The slope of the least- 
square-straight line fitted to each set of 
experimental points is given in Table 2. 

The rate of growth of absorbance per hour 
of exposure to X-rays, (d/l/df ) , is larger in the 
runs in which 13-4 keV photons were used 
than in the runs in which 14- 1 keV photons 
were used. Therefore, the rate of F center 
formation per unit incident energy, (dF/d£,). 
is larger in the runs in which 13'4 keV photons 
were used than in the runs in which 14- 1 keV 
photons were used. However, as a result of 
the fluorescent loss correction, the rate of F 
center formation per unit energy retained in 
KBr at 78'’K is the same, within the un- 
certainty of the result, whether 13-4 keV, or 
14- 1 keV is the incident-photon energy: 


[dF/d£n]i4 1 |(tv 
[dF/d£„],3.^ keV 


I 03 ±0 05. 


*For the purpose of this calculation it was assumed that 
80 per cent of the fluorescent output was radiation and 
the remainder was Kg. 


(See Table 2.) The value of the uncertainty 
was arrived at by combining the following 
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El)! .1 Absorbance at the peak of the h band of KBr irradiated at 78°K and plotted as a function 
of exposure lime f or each run the incident photon energy is given in the inset. All runs were 
made <il the same energy flux. I oi each run the straight line is the leasl-square fit to the experi- 
mental points thiough which the line is drawn. 


Table 2. Slopes, UlAldt), of the experimenlcil curves 
of Tin. -I und their uneerttiinties and the values of 
the elfieieney, {dFIdEj, of formation off center per 
unit retained enerny in KBr at 78°K. For all ex- 
perimental runs the incident flux tivu (3-85 ±0 08) 
X 10"*eV/cin--hr 


( urve 
number 

Incident 

photon 

energy 

(keV) 

ilA 

di^"’ 'hr ' 

Average of 
the slopes 

X lO'hr' 

dE , , 

— tkeV') 
d/y, 

0-77 ±0 04 

1 

s 

S 

I.E4 

60.1 n- 8 ';f 

4.9 I- 2 - 20 , 

.S 1 + 1 Id 

,S 3±4'.1% 

4 


4-8 ±2-1% 




14- 1 


4-8±l-l% 

0 79 + 0-02 

5 


4-7 ±0-6% 




uncertainties; the probable error (4-3 per cent) 
of the average of the three values of the slopes 
of the growth curves of coloration for runs 
using 13-4 keV photons, the probable error 


(1-1 per cent) of the average value of the slope 
of the growth curves using 14' 1 keV photons, 
and the uncertainty (2 percent) in the measure- 
ments of the incident flux by the dosimeter. 
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4. FURTHER DISCUSSION OF EXPERIMENTAL 
ERRORS 

Since the uncertainty in the time measure- 
ments is negligible, the per cent uncertainty in 
(dA(t)ldt) is the same as the per cent un- 
certainty in the change of absorbance LA. 
Therefore, if one assumes that the difference 
A (r„) -A(ti) is used in the computation of the 
slope, then the probable error of the slope is 
given by the equation: 


probable error of 


dA(0 

dt 


0-67 


V2S 


X 100%, 


(3) 


In this equation, 5 is the standard error of the 
estimate of a value for the absorbance A (/) at 
time t given by the least-square-straight line 
fitted to the n measured values ■ ,A„ 

at times t,. /j r„, respectively. The value 

of S is given by the equation: 


= (At-A{t,))\ 

" (=1 

For each of the curves in Fig. 3 the probable 
error of the slope was calculated and is shown 
in Table 2. 

Any variation of the relative value of the 
incident-energy fluxes at the two photon 
energies was caused only by uncertainties in 
the dosimetry readings and in the values used 
for the mass-energy transfer coefficient of air. 
Under low humidity conditions the dosimetry 
readings gave results whose uncertainty was 
not larger than ±2 per cent. This fact refers 
only to the uncertainty in the knowledge that 
the energy fluxes were the same in the runs in 
which 13-4 keV photons were used as in the 
runs in which 14 lkeV photons were used. 
The uncertainty in the values of the mass- 
energy transfer coefficient is primarily a 
systematic error and has been neglected. 

Any statement given in units of energy, 
such as the energy of formation of one F 
center, contains uncertainties which originate 
from the calorimetric calibration of the dosi- 


meter and from the use of Smakula’s equation, 
as well as those which originate from the 
optical measurements and from the readings 
of the dosimeter. 

The uncertainty of the calorimetric calibra- 
tion of the dosimeter is 1 -6 per cent. This un- 
certainty is the probable error of the average 
of the calorimetric calibrations of the dosi- 
meter for incident-photon energies of 13-4 
keV, 14 IkeV, 14-9 keV, and 15-7 keV. This 
uncertainty agrees with the inherent accuracy 
of the calorimeter. 

5. DISCUSSION 

The efficiency of formation of F centers per 
unit energy absorbed in a KBr crystal while 
exposed at 78°K at equal energy flux to mono- 
chromatic X-ray photons of 13-4 keV or 14- 1 
keV shows no dependence on the incident 
photon energy. This result does not support 
J. Sharma’s[141 observation that in KBr at 
liquid-nitrogen temperature the efficiency of 
formation of F centers per unit incident energy 
at photon energies just above the halogen K 
edge was IT times the efficiency of formation 
at energies just below the K edge. 

The work of T. A. Carlson. W. E. Hunt, 
and M. O. Krause [19] indicates that a large 
number of multiply ionized ions are produced 
when a bromine ion is ionized either in the K 
shell or in the L shell. Because a negative 
bromine ion and an atom of krypton, which 
was studied by Carlson and coworkers, are 
isoelectronic, an inner-shell ionization should 
lead to a similar degree of ionization in either 
atom. Therefore, in either atom, either a A.'- 
shell or an L-shell ionization should result in 
an average loss of five to seven electrons. 
Thus, the bromine K edge should be insenti- 
tive to selective ionization in the K shell even 
if a multiple ionization of the halogen in an 
alkali halide crystal were a sufficient condition 
for the formation of vacancies. 

The details of the mechanism of F center 
formation in alkali halides by ionizing radia- 
tion remain to be unraveled. Certainly, the 
mechanism proposed by D. Pooley [4] and by 
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H. N, Hersh[5] is successful in explaining 
luminescent and variable temperature pheno- 
mena, as well as ultraviolet radiation damage 
in alkali halides. On the other hand, the in- 
sensitivity of A^^-shell ionization that is 
reported in the present paper does not 
eliminate the possibility that a multiple 
ionization of the halogen can lead to F center 
formation by a Varley-type mechanism. This 
possibility exists because no significant 
change is expected in the probability distribu- 
tion of ions as the energy of the incident 
photons crosses the K edge of bromine. 

AtLnonleJf’fmcnli — !ieverii\ discussion', with Dean 
Harvey Brooks, with Professor R .Smoluchowski, and 
with Professor E. Vazquez Martinez arc gratefully 
acknowledged t hanks arc due to Mr .1. E Aguiar and 
Dr P Paraskevoudakis for making the calorimetric 
measurements used to calibrate the dosimeicr, and to 
Mis. M Kay for programming the necessary calculations 
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THE ROLE OF K SHELL IONIZATION IN THE 
FORMATION OF F CENTERS IN ALKALI 
HALIDES AT 78”K-IL RbBr^' 
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Physics Department. University of Puerto Rico at Mayagiiez. and Puerto Rico Nuclear Center. 
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Abstract -Within the uncertainty of the experiment, the rate of F center formation per unit energy 
retained in freshly cleaved RhBr (grown from purified material under a bromine-argon atmosphere 
by Professor R. O. Pohl, ( ornell University) irradiated at 78°K at approximately equal energy flux 
is the same (0-342± 0 005 keV ') whether the incident-photon energy is 13-4. 141. 14 9. or 15-7 keV. 
(The K edge of bromine is al 13 5 keV and the K edge of rubidium is at 1.5 2 keV.) Each of the mono- 
chromatic beams was the X-ray fluorescent output of RbCI filtered with a thin layer of NaBr. of 
Sr(NO;i).j filtered with RbCI. of Y..(CO|), . 3HjO filtered with SrtNO,),. or of Zr filtered with Sr(NO|l_,. 
The half-width of each monochromatic beam was 330 cV. 


I. INTRODUCTION 

The EXPERiMENTAi. method is described in 
detail in the preceding paper in this volume 
(hereafter referred to as Paper l)[ll. The 
work discussed in Paper I shows that in 
Harshaw KBr irradiated at 78°K the efficiency 
of F center formation per unit energy refatnet/ 
in the crystal is the same, within the uncertain- 
ty of the result, whether 13-4 keV or 14-1 
keV is the incident-photon energy, where the 
A.' -absorption edge of bromine is at 13'5keV. 
The present paper presents the result of an 
identical experiment, but the sample is RbBr. 
The experiment provides a verification of the 
result given in Paper I and yields some 
evidence on the accuracy of the ffuorescent 
correction required to calculate the fraction 
of the incident energy that is retained in the 
crystal. This evidence is obtained from the 
present study because additional incident- 


*Thls work is based on a thesis submitted by F. Diaz- 
Hernandez to the Department of Physics of the Univer- 
sity of Puerto Rico in partial fulfillment of the requirements 
for an M.S. 

tNow a graduate student in the Division of Engineenng 
and Applied Physics, Harvard University, Cambridge, 
Mass. 02138, U.S.A. 


photon energies of 14'9 and 15-7 keV have 
been used, energies which are on either 
side of the rubidium A-absorption edge 
(15-2 keV), 

2. EXPERIMENTAL METHOD 

The method of generationof monochromatic 
X-rays was described in Paper 111]. In 
addition to the radiators of RbBr powder 
filtered with NaBr and of SrlNO^ij powder 
filtered with RbCI. radiators of YjlCOj),. 
3H,0 powder and of Zr metal each filtered 
by the same SrlNO^ils filter were used. Thus, 
the energies used in the experiment were 
13-4 keV, 14- 1 keV. 14-9 keV. and l.fi-7keV. 
obtained from the Ka fluorescence of Rb. 
Sr, Y, and Zr. respectively. These mono- 
chromatic beams had at most a contamination 
of 2 per cent from fluorescence and had 
a half-width of about 330 eV. 

The dosimeter was the Victoreen model 
651 air ionization chamber and model 570 
condenser R-meter. described previously 
[1], The conversion from ' absorbed dose to 
incident flux is a function of the values used 
for the mass-energy transfer coefficient. 
flip, of air: 2-20 cmVg at 13-4 keV, 1-93 
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cm®/g at 14' 1 keV, 1-63 cmVg at 14-9 keV, and 
l-40cmVg at 15-7 keV. These values are 
consistent with the values given by A. H. 
Compton and S. K. Allison [2], G. W. 
GrodsteinI3]. R. T. Berger[4], and A. J. 
Bearden[5] (except for a possible small 
systematic shift of the same sign and the 
same relative size for all of the values that 
were used). 

Several samples of RbBr were irradiated 
at 78°K with monochromatic X-ray photons 
whose energy was either above, between, or 
below the X-absorption edges of bromine 
and rubidium. Each sample was exposed to 
only one photon energy throughout a run, and 
each run was done with a different sample. 
The current in the X-ray tube was varied 
between runs to achieve approximately the 
same incident-energy flux on the face of 
each sample. At regular time intervals, 
usually from eight to twelve hours, the irradia- 
tion was stopped, and the absorbance at the 
peak of the F band was measured. After a 
period of exposure to approximately l(K)hr. 
a growth curve of the F band was obtained. 
A straight line was fitted to the experimental 
points in the region which seemed to be 
linear. 

All the samples used were freshly cleaved 
from the same single KbBr crystal grown 
from purified material in a bromine-argon 
atmosphere by Professor R. O. Pohl’s group 
at the Laboratory of Atomic and Solid Stale 
Physics at Cornell University. 

Equation ( 1 ) of Paper 1 [ I J gives the rate of 
F center formation per unit energy retained 
in the sample. In this equation the value of 
the constant K for RbBr at 78°K is 5'6X lO’"' 
cm ^ 

Equation (2) of Paper I [ 1 ] gives the fraction, 
/, of the incident flux lost through the front 
face of a RbBr crystal as a result of bromine 
A’-shell ionization when the incident-photon 
energy is 14-1 keV or 14-9 keV. However, 
when the incident photon energy is 15-7 keV 
(larger than the rubidium X-absorption 
energy), / is the sum of the contributions of 


the K fluorescence of bromine and the K 
fluorescence of rubidium. In equation (2) of 
Paper I the factor (r^- l)/r, gives the prob- 
ability that photoionization will occur in the 
K shell. When the incident-photon energy is 
above two nearby X-absorption edges, and 
subscripts are assigned to the absorption 
edges, subscript I is assigned to the edge of 
higher energy and subscript 2 to the edge of 
lower energy, then the probability of photo- 
ionization in the X, shell is (^,-1)/^, and 
in the X^ shell is [(r*,- l)r;i.J[l - (r^,- 1)/ 
r/,,]." The separate contributions of X„ and 
Xfl fluorescence have been included in the 
calculation of /. Eighty per cent of the 
fluorescent flux is due to X„ fluorescence and 
twenty per cent is due to X^ fluorescence. For 
each incident-photon energy Table I gives the 
fraction, /, of the incident flux that is lost by 
fluorescence through the front face of a RbBr 
crystal . 

Tahle I. Fraction, f. of the 
incident enertty flux lost by 
fluorescence through the front 
face of a RbBr crystal 


Inciclcnl 

pholon 

cncigy 

(keVi J 

13 4 0 

14 I 0 092 

14- 9 0'083 

15- V 0127 


3. EXI'KRIMENTAL RESULTS 
(a) The rate of F center formation per unit 
energy retained in RbBru/ 78° K 
Figures I and 2 show the growth curves of 
the F band obtained when the crystal was 
exposed to X-ray photons of either I3'4 
keV. )4'lkeV, 14-9 keV, or 15-7 keV. For 
each experimental run the straight line is the 


‘The proof of this result is analogous to the discussion 
on L edges that starts on p. 530 of Compton and Allison 
12 ) 
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Fig. I . Absorbance at the peak of the F band of RbBr irradiated at 78“K and plotted as a func- 
tion of exposure time For each run the incident-photon energy was 13-4 keV. The curves 
picsented in Figs. 1 and 2 were made at approximately the same energy flux, which is given in 
Table 2. For each run the straight line is the least-square fit to the experimental points through 

which the line is drawn. 



Fig 2. Absorbance at the peak of the F band of RbBr irradiated at 78'K and plotted 
as a function of exposure time. For each run the incident-photon energy is given in 
the inset. All runs presented in Figs. I and 2 were made at approximately the same 
energy flux, which is given in Table 2. For each run the straight line is the least- 
square fit to the experimental points through which the line is drawn. 


« 
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least-square fit to the experimental points 
in the region of the growth curve which seems 
to be linear. The slope of each of the lines 
(the rate of growth of absorbance, A. per 
unit time of exposure, d/l/dt) is given in Table 
2. For each incident-photon energy Table 2 
gives the average of the slopes of the curves 
in Figs. I and 2. 

The evidence presented in Table ^ shows 
that, within the uncertainty of the experiment, 
the efficiency of F center formalion per unit 
energy rcuiim^d in RbBi at 78°K is the same 
whether the incident-photon energy is I.T4 
keV, 14-1 keV, 14 9keV.or I.STkcV. 

(b) The (wpcnmi'tihil iim crluiniy 

Two sources of uncertainty affect the result 
that the elficiency of formation of F centers 
per unit energy rctaiiwd in RbBr at 78“K 
is the same whether the incident-photon 
energy is l.VdkeV, 14'lkeV, 14-9keV, or 
l.*i'7keV. These sources of uncertainly 
arc; the inaccuracy in the readings of the 
absorbance at the peak of the F absorption 
band and the inaccuracy in the ndaiive values 
of the radiation fluxes used in the experimental 
runs. Other eriois affecting the result stated 
above are systematic and were discussed 
in Faper I [ 1 1. 


Table 3. The efficiency of formation 
of F centers in RbBr at 78° K during 
exposure to monochromatic X rays. 
The indicated uncertainties include 
uncertainties in the optical measure- 
ments and in the dosimetry and do 
not include the uncertainty (1-6 per 
cent) in the energy calibration of 
the dosimetry 

Efficiency of formation of 
Incidcnl F centers per: 


photon 

energy 

(keV) 

incident energy 

;^,(keV ') 
d/;, 

retained energy, 
df 

-^(keV-') 

dt„ 

13-4 

0-35 1 ± 2-3% 

0-351 ±0008 

14- 1 

0'309±2-3% 

0-340 + 0 008 

14-9 

0-3 13 + 2-2% 

0-341 +0-008 

15-7 

0291 ±3-5% 

0-334+0-012 


The inaccuracy in the relative values (not 
the absolute values) of the fluxes is estimated 
lo be two percent. 

Fquation (3) of Paper l[l] gives the per 
cent uncertainty of the slope for each of the 
curves in Figs. I and 2. The computed values 
for the per cent uncertainty of each of the 
slopes of those curves are given in Table 2 
along with each value of the slope. As seen 
from T able 2 the computed uncertainty of a 


Tiihle 2. Slopes of the experimental curves. The incident flux is 
based on the result.', of measurements with the Victoreen Air 
loni:alion Chamber Model 651. The 'x-ttnit' refers to one unit 
in the s( ale oj the y'ictoreen Model 570 Electrometer 



till idem 

Slope of 

Average 

Percentage 

Incident 


photon 

least square 

of 

prohahle 

flux 

Ciiive 

eneigv 

straight liiie 

slopes 

error of the 

/>-iinit'-g\ 

niimhcr 

(kcVl 

1 ' to* hr '1 

(X Kl^hr ') 

average 

1 cm^-sec / 

1 

13 4 

29 3 ♦ 0-8% 




1 

13 4 

27-8 ±0-6% 




3 

13-4 

28 2 ±0-5% 

29-1 

1-2% 

1-81+0-04 

4 

1,3 4 

31 0+ 1-6% 




5 

14-1 

23 7 ± I 8% 




6 

14 1 

23-9+1-1% 

23-8 

1-1% 

1-68 + 0-03 

7 

149 

23 7 ±0-8% 

23-7 

0-8%. 

1-65 ±0-03 

8 

15 t 

23-1 ±2-8% 

23 3 

2-8%, 

1-74 ±0-04 
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slope was usually one to two per cent and its 
range was from one-half to three per cent. 
These values are reasonable in view of the 
estimated accuracy (three per cent) of a single 
reading of the absorbance and in view of the 
fact that each growth curve usually consisted 
of five to eight experimental points. In 
those cases where more than one growth 
curve was obtained for the same incident- 
photon energy, the probable error of the 
average value of the slope has been computed. 
These results are presented in Table 2. 

4. DISCUSSION 

(a) The role of halogen K-shell ionization in 
the formation of F centers in alkali halide 
crystals 

The efficiency of formation of F centers 
per unit energy retained in RbBr at 78°K is 
the same, within the uncertainty of the 
experiment, whether the incident photon 
energy is 134 keV or H lkeV. In Paper I 
[IJ a similar result in KBr is reported. In both 
cases the rate of growth of coloration due to 
the presence of F centers is not sensitive to 
the incident-photon energy. However, since 
an L-shell ionization in a bromine ion is 
expected to result in extensive multiple 
ionization [6], the results of the present paper 
and of Paper 1 are not conclusive evidence 


that a multiple ionization of the halogen will 
not lead to vacancy formation in an alkali 
halide crystal. 

The equality of the efficiency of F center 
formation when the incident-photon energy 
is above or below the rubidium K edge (15-2 
keV) indicates that the fluorescent correction 
[7] used in this work is basically correct. 
Furthermore, this result does not support the 
observation by N. Itoh, J. Sharma, and R. 
Smoluchowski[8] that in RbBr the efficiency 
of F center formation increased as the 
incident-photon energy increased through 
both the Br edge and the Rb edge. 
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Abstract-Within the uncenainiy of the experiment, the rale of F center formation per unit energy 
retained in Harshaw KCl irradiated at 7B“K at equal energy flux is the same whether the incident- 
photon energy is below (2-62 and 2'81 keV). between (3-31 and 3 59keV), or above (3-69 and 4 01 
keV) the chlorine (2'82keV) and potassium (3-61 keV) K edges. Since an initial photoionization in 
the f-ii or C||| subshell of a chlorine ion is expected to result in an average loss of 2-3 electrons, while 
an initial photoionization in the K shell is expected to result in an average loss of 4-2 electrons, the 
result reported here indicates that the multiple ionization of the halogen (Varley mechanism) is not 
the dominant mechanism of Frenkel defect formation in KCl at 78°K. Each of the beams used was the 
X-ray fluorescent output of LiCI. or of KjCjO, . HjO, or of CaO. 


1. INTRODUCTION 

Two PREVIOUS papers, hereafter referred to 
as Paper l[l] and Paper II [2], have shown 
that the efficiency of F center formation in 
KBr and RbBr at 78°K and irradiated at equal 
intensity is the same whether the incident- 
photon energy is below (13-4 keV) or above 
(I4-I keV for the KBr experiment; 14-1, 14'9, 
or 15 7keV for the RbBr experiment) the 
bromine K edge (1 3-5 keV). 

The present paper reports a similar result 
using KCl exposed at 78°K at equal energy 
intensity to incident-photon energies either 
below (2-62 and 2-81 keV), between (3-31 and 
3-59 keV), or above (3-69 and 4 01 keV) the K- 
absorption edges of chlorine (2-82 keV) and of 
potassium (3-61 keV). 

J. Sharma and R. Smoluchowski[3| found 
that the efficiency of formation of F centers in 
KCl at liquid-nitrogen temperature increased 
by a factor of 2 5 as the incident-photon 


•This work is based on a thesis submitted by L. Nifio- 
Rojas to the Department of Physics of the University of 
Puerto Rico in partial fulfillment of the requirements for 
an M.S. 

tPresent address: Universidad Pedagbgica y Tecnolo- 
gica de Colombia, T uqja, Boyaca, Colombia. 


energy became larger than the K-absorption 
energy of chlorine. T. A. Carlson and co- 
workers [4] observed that for argon atoms 
ionized in the K shell the average loss of 
electrons is 4-2. and the probability of a loss 
of three or less electrons is small. They also 
observed that for argon atoms ionized in the 
L, subshell the average loss of electrons is 
3'3, while if ionized in the Lh or Cm subshell 
the average loss of electrons is 2-3. Since an 
argon atom is isoelectronic to a chlorine ion. 
a similar average degree of ionization can reas- 
onably be expected to result in a chlorine ion 
after the corresponding inner-shell ionization. 
Using a computer model of the events that 
would follow the multiple ionization of chlorine 
in a KCl lattice. L. T. Chadderton and cowork- 
ersl5] predicted that the loss of three or four 
electrons by a chlorine ion in a KCl lattice 
would lead to the formation of stable Frenkel 
defects. On the other hand, the same calcula- 
tion predicted that the loss of one or two elec- 
trons by a chlorine ion in a KCl lattice would 
not lead to the formation of stable Frenkel 
defects. Thus, based on Carlson’s experimen- 
tal result[4] and Chadderton’s calculation [5], 
if the multiple ionization of the halogen in an 
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alkali halide were to be the initial step in the 
formation of Frenkel defects, the efficiency of 
F center formation in KCI should be higher 
when the incident photons can ionize the K 
shell of chlorine than when the incident pho- 
tons can not ionize the K shell. 

2. EXPERtMENTAL METHOD 

The experimental method is described in 
detail in Paper l.[lj 

A general FJectric EA50 tungsten-target 
tube operated at 45 kvp was used to excite the 
fluorescence of either LiCI powder, K 2 C^ 04 . 
HjO powder, or CaO powder which had been 
pressed tightly into an aluminum planchet 
(radiator). Thus, beams were obtained consist- 
ing primarily of the fluorescence (80 per 
cent of the fluorescent output) and Kg fluores- 
cence of the heavier clement in the radiator. 
For each radiator both the K„ and Kg emission 
is either below, between, or above the K- 
absorption edge of chlorine (2'82keV) and 
potassitim (3'61 keV). Thus, the beams used 
were: of 2'62 and 2'81 keV, from the K„ and 
Kg emission of chlorine; of .3-31 and 3-59 keV. 
from the K„ and Kg emtssion of potassium: 
and of 3-69 and 4-01 keV, from the K„ and Kg 
emission of calcium. 

The radiator was always mounted directly 
under the beam of the X-ray tube as described 
in Paper l.( IJ However, in this experiment the 
radiator was in vacuum and no filter was used. 
The beam from the X-ray tube passed through 
a thin (O'OOSin) beryllium window before 
striking the radiator at an angle of 45 degrees. 
The vessel of the radiator was connected by 
means of a vacuum-tight quick coupling to the 
experimental dewar described previously.il] 
The moderate vacuum surrounding the radia- 
tor was separated from the higher vacuum in 
the dewar by a thin (0-(XX)50 in.) mylar window. 

The thermoluminescence from several rib- 
bon LiF thermoluminescent dosimeters 
(Harshaw Chemical Company, TLD-7(M)), 
i in. X i in X 0-035 in, was used to measure the 
relative value of the energy-flux output at the 
position of the sample for each radiator at a 


given current of the X-ray tube operated at 
45 kvp. The thermoluminescence of the dosi- 
meter was measured with a ConRad model 
5100 instrument. The reading of this instru- 
ment is in arbitrary units: counts*. The thick- 
ness of the dosimeter is sufficient for total 
absorption of the incident beams. The curves 
of the dosimeter’s response plotted against 
the current of the X-ray tube always operated 
at 45 kvp were linear and extrapolated to zero 
dose for zero current. The response of each 
l.iF ribbon piece varied by at most 2 per cent 
from the average value of the six pieces that 
were used. A correction was introduced for 
this systematic variation. During exposure the 
LiF pieces were covered by a0-(X)05 in. thick 
mylar film. Likewise, the window for the KCI 
irradiation consisted of tightly stretched 
0 0005 in. thick mylar. For all the experimental 
runs the incident flux was 720 counts/cm^/sec. 

Several KCI samples, freshly cleaved from 
a large single crystal obtained from the 
Harshaw Chemical Company, were irradiated 
at 78°K with the fluorescent beams described 
above. Throughout a run a sample was ex- 
posed to only one of the fluorescent beams, 
and each run was made with a different sample. 
The current in the X-ray tube was varied 
between runs to achieve the same incident- 
energy flux on the sample regardless of inci- 
dent-photon energy. At regular time intervals, 
usually 24-48 hr, the irradiation was momen- 
tarily interrupted to measure the absorbance 
at the peak of the F band. Also, the absorbance 
far from the peak of the F band was regularly 
measured to verify the proper operation of the 
spectrophotometer (Beckman DU). Thus, 
growth curves of the absorbance at the peak of 
the F band as a function of irradiation time 
were obtained. 

For KCI at 78'’K the value of the constant 


*A calibration is supplied with the dosimeters for 
( obalt 60 y rays when the thermoliiminescence is meas- 
ured with a Harshaw model 2000 Thermoluminescent 
Analyzer; 0'.S01 nc/R±3 per cent. The response of the 
dosimeters read in a ConRad .SlOO instrument will be 
calonmetrically calibrated in the future. 
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K in the form of Smakula's equation given in 
equation (1) of Paper l[l] is 6-22 X 10'® cm"^. 

The KCI samples that were used were suffi- 
ciently thick (about 1 mm) to absorb all the 
incident flux. However, depending on the 
incident-photon energy, a fraction, /, of the 
incident flux is reradiated as and 
fluorescence of potassium and chlorine. The 
calculation of the fluorescent-loss fraction,/, 
yields* the following values: /= I SZx 10"'' 
for irradiation with calcium fluorescence, /= 
107x10"" for irradiation with potassium 
fluorescence, and /=0 for irradiation with 
chlorine fluorescence. The details of this 
calculation have been described in Papers I 
and 11. [1,21 

3. EXPERIMENTAL RESULTS 
1. The rale of F center formation per unit 
energy retained in KCI at 78° K 

Figure 1 shows the growth curves of the 
F band obtained when the crystal was exposed 
to X-ray photons of either 2'62 and 2'81 keV, 
3 31 and 3 59keV, or 3-69 and 4 01 keV. For 
each experimental run the straight line is the 
least-square fit to the experimental points in 
the region of the curve which seems to be 
linear. The slope of each of the lines is given 
in Table I. 

The evidence presented in Table 1 shows 
that, within the accuracy of the experiment, 
the efficiency of F center formation per unit 
energy retained in KCI at 78°K irradiated at 
equal energy flux does not vary appreciably 
whether the incident-photon energy is below, 
between, or above the chlorine and potassium 
K-absorption edges. 

4. EXPERIMENTAL ERRORS 

The uncertainty in the slopes shown in 
Table 1 is calculated using equation (3) of 
Paper I; however, for curves 2 and 3 of Fig. 
I, the standard deviation. S, used in equation 

"The incident flux is assumed to be 80 per cent A, and 
20 per cent radiation. Likewise the fluorescence 
emitted by the crystal is assumed to be 80 percent K, and 
20 per centre radiation. 


Table \ . The energy of format ion off centers 
in KCI at 7i°K per unit retained energy, 
dfldEa- The approximated energy distribu- 
tion of the incident X-ray beam is shown in 
the first column. The unit (counts)'' refers 
to the reading of the Harshaw LiF TLD-7()0 
ribbon dosimeter in a ConRad 5100 Readout 
Instrument 


Incident-phoion 

energy 

distribution 

dA 

dl 

(X 10' 
hr ') 

dF 

dF:, 

(X 10 
counts' ') 

dF 

dE. 

(X 10 ' 
counts') 

HO%:2-62keV 
20%. 2-81 keV 

4-20 ±0-06 

1 10-1+0 3 

10-1+0-3 

80%'3TlkeV 
20%: 3-59 keV 

3-8 +0-3 

9-1 ±0-8 

9-2 ±0-8 

80%. 3-69 keV 
20%: 401 keV 

4-3 ±0-3 

10-3 ±0-8 

10-5+0-8 

(3) is 


" 1 

t-^l 



where Sj is the standard deviation of the value 
A( of the absorbance at time t, and n is the 
number of experimental points in the curve. 

The uncertainly in the time measurements is 
negligible. 

The probable error of the dosimeter s res- 
ponse (as a measure of the relative value of the 
fluxes) is estimated to be 2 per cent. 

5. DISCUSSION 

Within the accuracy of the experiment, the 
rate of formation of F centers in KCI at 78°K 
and irradiated at equal energy flux by incident 
photons of 2-62 and 2-81 keV, of 3-31 and3-.S9 
keV, and of 3-69 and 4-01 keV shows no ap- 
preciable dependence on the incident-photon 
energy. 

Since the work of T. A. Carlson and cowor- 
kers[4] shows that an initial K-shell ionization 
in a chlorine ion should result in the average 
loss of four electrons, while an initial L-shell 



1290 


B, A. C RUZ-VIDAl., L. NINO-ROJAS and H. J. GOMBERG 



( ig I Ahsorhancc at the poak ol the /■' hand of KCI at 78°K iind plotted as a function 
of cxposuie lime I or each run the incidcni-phon energy distrihiition i,s approximately 
given ill ihe rnsei All ittns' were made at the same incident-energy flux, Foi each run 
llie siraighi lute is ihe least-square fit to Ihe expenmenlal points through which the 

line IS diawn. 


ionization should resiili in the aventite loss of 
two or three electrons, the resiill stated in the 
above paragraph indictites that a multipic- 
ionizalion mechanism such as described by 
L. T, Chadderton and co workers [5) is not the 
dominant mechanism of Frenkel defect forma- 
tion in alkali halides at liquid-nitrogen 
lemperatiirc. Also, the result reported above 
fails to confirm the observation of J. Sharma 
[3] that the efficiency of formation of F centers 
in KCI at liquid-nitrogen temperature increas- 
ed by 350 per cent as the incident -photon 
energy became larger than the energy of the 
A'-ab.sorplion edge of chlorine. The result 
reported above is based on irradiations with 
photon energies somewhat far from the K- 
absorption energy, while Sharma's result is 
based on irradiations with a beam whose 
energy changed smoothly along the face of a 
KCI sample in an energy range which included 
the chlorine A^-absorption edge. There is 


•some evidence that higher-shell photoioniza- 
lion cross sections change irregularly with 
incident-photon energy in the soft X-ray 
energy range. [6] However, such changes may 
not occur in the innermost shell, or if they do 
they are not likely to be sufficiently large to 
account for Sharma's [3] result. 
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Abstract -The available information concerning the distnbulion of hydroxide ions in alkali halide 
crystals is reviewed. The various possible reactions among the hydroxide ions and divalent cation 
impurities and their accompanying charge compensating cation vacancies are given and discussed 
in terms of the available ionic conductivity and optical absorption data. The possible hydroxide ion 
complexes are discussed in terms of ESR results. Complexes containing hydroxide ions, each on 
their own anion site, with cation impurities and vacancies on adjacent sites are indicated as being the 
most probable to occur. Different geometries of such a complex are discussed in terms of the available 


experimental data. 

1. INTRODUCTION 

The PRESENCE of hydroxide ions in alkali 
halide crystals has been shown to influence 
greatly their electrical [ 1 -.11 and optical 1 1 . 3 , 4) 
properties. In these crystals, the hydroxide 
ions may exist as separate substitutional ions, 
in complexes, or in precipitate phases in the 
lattice. The actual distribution of these 
hydroxide ions have been investigated using 
electron spin resonance (ESR)[.‘)-8| and 
optical absorption techniques(1.3, 8,9], 
However, no consistent picture of the overall 
dispersion of the hydroxide ions in doped 
alkali halide crystals has emerged. 

Any study of the distribution of a particular 
imperfection in an ionic lattice must consider 
the overall defect stale of the crystal. The 
necessary information may be obtained from 
studies of electrical conductivity [10], thermal 
depolarization of impurity-vacancy dipoles 
(often called ionic thermo-currents or l.T.C.) 
Ill], and related investigations (12], In 
addition to the vacancies present due to 
thermal equilibrium, an alkali halide crystal 
MX containing n divalent cation impurity 
ions will also contain n extrinsic cation 
vacancies to maintain chaige neutrality [12]. 
At high temperatures these extrinsic vacancies 
will be free in the lattice, while at lower 
temperatures, divalent cation-vacancy dipoles 


will be formed; at still lower temperatures 
the dipoles aggregate into clusters and finally 
(near room temperature) into a superlatlice 
precipitate containing divalent cations, 
vacancies, and host ions [13], In heavily 
doped crystals a precipitate of the form FX^ 
is also observed [14]. 

In crystals containing hydroxide ions, 
ionic conductivity measurements show a 
large decrease in conduction compared with 
crystals free of hydroxide ions[l,3]. This 
indicates that the extrinsic vacancies are 
tied up through interactions involving the 
hydroxide ions in the crystal. The extrinsic 
vacancies are still important in crystals 
containing moderate amounts of dopants, 
however, since a conductivity knee corres- 
ponding to extrinsic vacancies is observed 
in this case [3]. Furthermore, thermal depolan- 
zation results have shown the presence of 
divalent cation-vacancy dipoles in crystals 
containing OH ions [7], 

In KCI : Ca : OH, Fritz el u/.[ 1 ] have shown 
that Ca”^ and OH ions react in a ratio 1 ;2 
to form a product which they interpret as 
Ca(OH)j. These authors suggest a reaction 
between a Ca^^ ion, its associated cation 
vacancy, and two OH“ ions on anion sites to 
form a Ca(OH )2 molecule which could occupy 
the space provided by all four original sites. 
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in NaF;Mn:OH. Laj et u/.[7, 8] have sug- 
gested a model with two OH" ions on one 
anion site neighboring the divalent cation; 
the ESR results of this work are inconsistent 
with the four-site model of Fritz et (j/.(ll- 

In LiF : Mg: OH, a large number of infrared 
absorption bands are observed [3 1 in the 
region between 2-68 and 2-S5fi. The 2-68 ju 
peak has been shown to be due to OH' ions 
free in the lattice, while the remainder corres- 
pond to various forms of Mg"' -OH com- 
plexes. The major absorption peak, at 2-80 /a, 
is presumably due to the most stable form of 
the complex. These complexes cannot be due 
to the aggregation of simple complexes into 
larger ones, since the FSR lines do not 
broaden(15]. Rather, it is supposed that 
several forms of divalent impurity-OH 
ion complexes exist giving rise to the observed 
absorption peaks. It is the purprrse of this 
paper to evaluate the merit of various possible 
models for the structure of these complexes. 

2. DEFECT EOtill.inRIA 

The equilibrium among vacancies and 
impurities must consider the overall chaigc 
neutrality of the crystal. A number of possible 
reactions which may take place in such a 
system are given below. Here a modified 
Kroger nomenclature is used[12). with -h, -. 
and 0 indicating the effective charge of each 
species with respect to its own sublatticc. 
The reactions are written for a general 
alkali halide MX containing impurities F 
and vacancies T; the subscripts represent 


the type of site occupied by the species and 
the net charge of each species is given with 
respect to the neutral MX lattice. 

Since ionic conductivity measurements at 
low temperatures in OH-doped crystals show 
the large depression discussed above, those 
reactions showing free vacancies (i.e. numbers 
(2), (4) and (6)) must be discarded. In addition, 
free OH ions should be observable using 
infrared absorption measurements if reactions 
2 and 3 are to be important [9. 3]. 

The infrared absorption results permit one 
to determine whether the OH ions in the 
lattice are free (broad 2-68 /u absorption) or 
in complex form (2-72-2-84/u, absorption 
peaks)[3.9J. The usual absorption spectrum 
in OH-doped crystals show the broad 2-68 /u 
absorption only after the sharp peak spectrum 
IS developed [3]. Thus, free OH ions are only 
present in the lattice after the OH complexes 
are fully developed. This observation rules 
out reaction (3) as an important step in the 
complexing behavior of the OH ions. 

The products of reactions (6) and (7) 
include the anion vacancy which must be 
formed in the reaction 

(OH)v«-f (OH)v'’-* [2(OH)j,v'-h F/ 

where the reactant represents two OH ions 
each on an anion site, and the product 
includes two OH" ions on one anion site. 
The four-site CalOH)^ model of Fritz et ul. 
[I] can be represented by reaction 7 with 
the vacancy pair bound to the complex. The 


Reaction (omments 


( 1 ) /■„' -r Kw" + 2(OH)," keactanis all free. 

products, dipoles, 
unreacted OH 

(2) si (OH)," 1 Free vacancies, free OH. 

(.t) ipi FieeOH, 

(4) (F»f<OH)i(OH),)*-FF» Freevacancics 

(5) iS (/■■^(OH)t(OH)vFj,)" 2(OH) ions on two 

X sites. 

(ft) (F«f2IOH)lv)'’-FF« -1-Fv' 2(OH)ionsonone 

X site; Free vacancies. 

(7) (EMf2(OH)],)“-F (t'lfKi)'' Vacancy pairs, perhaps 

bound to complex. 
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Mn{OH), model proposed by Laj et al.['l,S] 
corresponds to the complex in reaction 7 
without the bound vacancy pair. 

The feasibility of reactions (6) and (7) may 
be open to question due to the considerable 
energy required to place two OH“ ions on 
one anion site. Size factor considerations 
alone indicate that even in KCI, where the 
OH“ ion diameter! 16] (2-72 A) is smaller 
than the Cl" diameter] 17] (3-26 A), the 
substitution of two OH" ions for one Cl" 
ion would be difficult; the difficulty would 
be lessened by the arrangement of the two 
OH" ions along the more spacious (110) or 
(III) directions in the NaCI lattice. The 
difficulty of such a substitution will be 
considerably greater, however, in the corres- 
ponding fluorides (F" average dia. 2-36 A)( 17]. 

Electrostatic considerations indicate con- 
siderable difficulty in placing two negative 
ions on one anion site, and the probability 
of such a process occurring should be closely 
related to that for placing two host anions on 
one site, which is not observed in these alkali 
halides[l2]. 

The overall energy involved in reactions (6) 
and (7) includes the energy to form a vacancy 
near the complex and the repulsive electro- 
static and elastic (size factor) energies, less 
the binding energy of the resultant complex. 
It is probable that in different alkali halides 
these energy terms will vary. Thus, the 
existence of Ca(OH )2 on the four-site model 
of Fritz et (i.e. with the bound vacancy 
pair) may be energetically favorable in KCI, 
but it is probably energetically unfavorable 
in fluorides, since it is not observed in the 
ESR results. Similarly, the formation of 
Mn(OH )2 molecules in fluorides on two 
adjacent sites seems energetically unfavorable, 

3. DISCUSSION 

The defect equilibria which seem energeti- 
cally favorable and which are compatible with 
the observed experimental results are reac- 
tions (1) and (5). The product and reactant 
species in reaction (1) have all been observed 


in conductivity [1, 3] thermal depolarization 
[7,8] and optical absorption [1, 3, 7, 9] 
studies. The product complex of reaction 
(5) may take on a variety of forms in the 
lattice, as illustrated in two dimensions in 
Fig. 1. The vacancy in this complex is 
expected to be attracted to the OH" ion 
(or ions) in fluorides, because this would 
reduce the strain energy of the (too large) 
OH' ion; in chlorides and bromides the 
vacancy would probably be repulsed by the 
(too small) OH" ion but the vacancy would 
still be electrostatically attracted by the 


o -H- @ • 0 

V, 

• @ G O • 

0 • 0 • 0 


0 @ • 0 
• o li o • 

0 • @ • 0 
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0 @ a 0 

V, 

• 0 a © • 

0 • 0 • 0 

• CATIONS III 0 ANIONS II © HTONOIlOe ION 
«■ DIVAUNT CATION □ CATION VACANCY 

Fig. I. Pos.sible geometries for impurily-vacancy- 
hydroxide complexes resulting from reaction (.S) (see 
text). Several possible vacancy positions are indicated 
by V, and V, dependmg on whether the vacancy and the 
OH ion attract or repel. 
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divalent cation impurity, in the geometrical 
configurations shown in Fig. 1, F, represents 
the case of a cation vacancy attracted both 
to and OH , and Fj represents the case 
of a cation vacancy attracted by but 
repulsed by OH'. 

The ESR results [6-8J in fluorides show one 
spectrum with orthorhombic symmetry and 
a second, somewhat less stable spectrum with 
axial symmetry. The complex in Fig. Ma) 
satisfies the axial symmetry with the axis 
perpendicular to the plane of the paper, and 
has been suggested previously [7, 8). The 
orthorhombic spectrum corresponds to one 
missing fluorine in the nearest neighbor shell 
to the divalent impurity. This is satisfied 
by complexes in Figs. 1(b) and 1(c). 

Each of the different complex geometries 
shown in Fig. I may be expected to give a 
slightly different infrared absorption fre- 
quency. In the process of approaching equili- 
brium, many different geometries are present, 
of which only a few are shown in Fig. I. In 
the present interpretation, one step in the 
approach to equilibrium corresponds to the 
complex in Fig. 1(a) which gives rise to the 
axially symmetrical ESK spectrum. Complete 
equilibrium is reached with the complex 
corresponding to the orthorhombic ESR spec- 
trum, which corresponds to the complexes in 
Figs. 1(b) or 1(c), and should correspond to 
the dominant 2-8()/x absorption peak. 

Except in heavily doped crystals, one would 
not expect actual precipitation of a separate 
phase of FfOH)^ where vacancies would be 
annihilated at an incoherent interface. This 
would cause a broadening of the ESR lines 
due to interactions between paramagnetic 
ions, which has not been observed. 

The complexes illustrated in Fig. 1 seem, 
therefore, to be reasonable choices for the 
stable complexes present at room tempera- 
ture in alkali halide crystals containing 
hydroxide ions and divalent cations. While 
other choices cannot be ruled out on the 
basis of the available data, the other possibili- 


ties discussed above seem less likely to occur. 
The variety of sharp i.r. absorption peaks 
observed in such crystals, and the dependence 
of their relative intensities on heat treatment 
[3], indicates that many different complex 
geometries do occur during the approach to 
equilibrium. While these less stable complexes 
may be related to any of the reactions given 
above, reaction 5 and the geometries given 
in Fig. I seem to represent the most stable 
complexes, at least in alkali fluoride systems. 
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Abstract- A systematic study of the d electronic charge distribution of transition metals is presented. 
The calculations are done in a tight binding scheme using an extension of the expansion of the density 
of states of the d band in its moments. The results are in agreement with experiments, showing a 
contrasting behaviour fur the various crystalline structures; the top of the band having a marked 
character in the f.c.c. structure, and in a b.c.c. one. the antibonding slates having a slight pre- 
dominant character. 


INTRODUCTION 

The electronic properties of transition 
metals are usually described by first principles 
band structure calculations. One makes use 
of various techniques which directly solve a 
given one electron crystal wave equationll); 
for example, the simple tight binding scheme, 
the augmented plane wave method (APW), 
the Green's function method (KKR). More 
recently, interpolation schemes have been 
used which short circuit many of these 
calculational complexities(2]. They have 
numerically verified that the band structure 
of transition metals can be descr"'"* to a 
good approximation by the overlapping and 
hybridization of an s band with a light binding 
d band. 

These methods are very cumbersome to 
describe effects related to disorder. This is 
an important failure. Such effects exist for 
example in liquid transition metals, in alloys 
or in disordered crystalline transition metals, 
(pure crystals with extended defects, sur- 
faces, , , 

With this in mind, one of us has developed 
a technique using an expansion in moments 
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of the density of states in the tight binding 
scheme, which has been applied with some 
success to disordered syslems[3,4]. Some 
attempts have also been made using a small 
number of moments to compute the melting 
heat, the cohesive energy and the surface 
tension of transition metals[3.4J. This is 
justified by a complete study of an s band 
which supports the idea that the knowledge 
of only a few moments is sufficient to give a 
good estimate of these properties, 

Our aim. in this paper is to analyze in detail 
the moments of the density of states for a d 
band, and to show how these moments may 
be used to investigate the effect of the crystal- 
line field on the electronic charge distribution 
of transition metals. There are numerous 
other possible applications of this method, 
such as the study of cohesive energy, binding 
energies, elastic constants, stacking fault 
energy, magnetic properties of crystals. 

1. EXPANSION IN MOMENTS 
In the following work, we shall use a simple 
tight binding scheme, neglecting spin orbit- 
coupling and mixing with the s bandt. The 


• The .spin orbil coupling lerm may in faci have some 
effect particularly for the heavy metals of the second and 
third series 1 5, 6]. and .«/ mixing on the noble melals. 
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one electron Hamiltonian is then simply 
written in terms of a sum of spherical atomic 
potentials located on the various lattice 
sites R,-: 

H^T + 'ZVir-li^) ( 1 ) 

I 

In the tight binding scheme, the band is 
described as a linear combination of the 
atomic d orbitals located at all the lattice 
sites. 0*(r-R,). labelled according to their 
magnetic quantum number. X = 1 . . ..5. The 
are set up as usual to form basis functions 
for the irreducible representations of the 
cubic point group I’,, and are varying as jrv. 
,rr. CA'. and ?ir-r\ multiplied by 

appropriate function of r. fhey satisfy 

{/ '+ Ttr-RJldtJr-R,) = £„</)Jr-R,) 

where is the energy of the d level of the 
free atom. 

We will assume that the atomic orbitals 
located on various sites are orthogonal to 
each other, and we will keep only the two 
center oveilap integrals. Using fc„ as the 
zero energy point, we define the x 5 matrices 
//(R). /SIR), n; and otR), which have the 
following elements: 

//aa4R)--//,v(R,-Rj) 

= 1 r- RJ /y (/)*,( r -R;)dr 

with: 

ifR^O /V(R)=/y,*.(R) 

= / (/.AMr)T(r-R)0,,(r-R)dr 

ifR 7^ 0 = a^A' = 2 «aa'(R.) (2) 

U(r-R,)}d.,,tr)dr 

The matrix jS is symmetric, and hence as 
shown by Slater and Ko.ster[7] its elements 
can be written as linear combinations of 
three two-center overlap integrals dda. ddir 
and i/dS corresponding to the values \m\ = 


0, 1, and 2 of the projection of the orbital 
momentum on the z axis. In the same way, 
the elements of «(R) can be written as func- 
tions of ddcr’ , ddir' and ddfi'. 

The electronic wave functions may be 
chosen to transform under the symmetry 
operations of the point group Cp of the 
lattice, as its irreducible representations 
r,. But, in general, it is impossible to reduce 
the matrix jii'R) following the representa- 
tions r,. Therefore, one can decompose the 
trace of the matrix fi following partial traces 
on sub spaces associated with I'j, and write: 

Trf}(R)='ETr,-^(R) (3) 

7>ft(R) may be similarly decomposed, but 

since «= S a(R,) is invariant with respect to 

R.^O 

Gp: 

{ I', lo| I’j) =«(!', )6y (4) 

( I ) Moinenis of the density of states 
The successive moments nip of the density 
of states per atom are defined by: 

m„ = |pn(£)d£ = ^Tr//''. (5) 

Using an expansion over the set of tight 
binding atomic orbitals, this may be written 
in terms of the matrix H{R) : 

mp-Tr 2 H(R,)H{R.,) . . .H(Rp]. (6) 

R, R,. 

with 

2Rp = o 

Defining the partial densities of states 
fir (£). we shall write: 

mp(r,) = j£"nr,(£)d£ 

= Trr I H{R,)...HiRp) 

Ri Kp 

with 


2Rp = o 


( 7 ) 
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with 

«(£) = Snr^(£) (8) 

( 

2 'npd’,). 

I 

In the case of a non degenerate band, and 
for either a perfect lattice or a disordered 
one, the moments can be computed using a 
walk counting technique on the lattice [4J. 
These moments can also be expressed as 
integrals involving Newton sums of the roots 
of the secular equation ( 8 ). 

Here, we want to work out some analytical 
expression for the first moments as a func- 
tion of the two-center overlap integrals, and 
we shall use an extension of the walk count- 
ing technique to the case of a degenerate band. 
It is, in fact, rather straight forward to give 
the following rules for the computation of the 
moment of order p: one has to: (a) 
enumerate the closed circuits going succes- 
sively through ^ p neighbouring atoms; 
(b) associate the matrix /3(R) with each of the 
(/ paths parallels to R, and the matrix a with 
each of the p - <7 nodes: (c) evaluate the trace 
of the product of matrices associated with 
this circuit; (d) sum the contributions of all 
possible closed circuits. 

Due to the peculiar properties of the 
matrices j 8 (R) and of the trace, the contribu- 
tion of a circuit is independent of the direction 
in which the path is described, of the position 
of the origin in the circuit, and of its orienta- 
tion in the lattice. 

It is then possible with this procedure to 
compute analytically the first moments as 
a function of the two-center overlap integrals, 
and using a computer the moments of high 
order. 

( 2 ) Computation of the first moments 

(a) Overlap integrals. Using atomic orbitals 
deduced from the Slater rules [9], the two- 
center overlap integrals will only depend 
on two parameters for a whole transition 
series, i.e. the effective charge and the inter- 


atomic distance. A priori, due to the sym- 
metry properties, one has: 

ddn > 0; ddv, ddb < 0 

\ddb \ < ddrr < \dd(r\. 

More precisely, assuming some shape for 
the atomic potentials, one can compute these 
integrals, but in actual fact only a few of the 
transition metals have yet been investigated. 
A systematic study of the variation of these 
integrals is currently in progress and the 
results will be presented elsewhere [ 1 0 ). 

It must be pointed out. however, that am- 
biguities in the choice of the atomic potentials 
may limit the accuracy with which these 
integrals can be computed. The atomic 
potentials should in principle be computed 
in a self consistent way. In fact, the potential 
is usually chosen to be that of the positive 
ions, instead of the potential of the neutral 
atoms as is required by the Hartree scheme. 
This choice has the advantage that one uses 
the same energy Eo. potentials k'(r) and 
atomic orbitals in the solid as in the gas; 
also, it takes into account in some way the 
intra-atomic correlations through a Wigner- 
Seitz modification of the Hartree scheme. It 
is then reasonable to assume that these cor- 
relation effects are similar both in the solid 
and the free atom [ 6 ]. 

The numerical values one gets for the 
overlap integrals are thus estimates, especially 
for the crystal field type a integrals. Indeed, 
they involve the long range part of the 
potential which is screened out to some 
extent by d and j electrons and their computed 
values are certainly too large. 

One may use the results given by an inter- 
polation scheme, as first suggested by Slater 
and Kosterl?], and recently extended by 
various authors [ 2 ] to gel some other numerical 
values for these overlap integrals with an 
accuracy of 5-10 per cent. In principle, one 
can also get the a type overlap integrals. 
However since these integrals depend on 
the distance between the .y and d bands which 
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varies strongly with the approximation made; 
it is then difficult to get some precise answer. 
But in any case, these crystal field integrals 
can be reasonably taken as being a small 
fraction of the /3 ones. 

We have listed in Tables 1 and 2 some of the 
numerical values of the two-center type /3 
overlap integrals which have been computed 
for the FCC and BCC crystalline structures. 

One may notice that if the absolute values 
of these overlap integrals are rather different, 
the ratios {dda-jlddn and dda{ 1 )ldda-{2) are 
on the contrary quite similar and independent 
of the structure. Here ddcril) and dd(T{2) 
denote respectively overlap integrals between 
first and second nearest neighbours. Thus, 
in the following, as a simplification in the 
computation of the moments, we will assume 
that 

dJ8 = 0;^ = -2and 
ddn 

ddai 1 ) 

= 0 for an FCC Lattice 

and we will take \dda | = /3 as a parameter. 

(b) Atialylical expression. The zero order 
moment gives the number of d electrons for 
a filled band, i.e. = 5. 

The first order moment gives the average 
shift of the band, and 

m, = Tra = P.od’i) = 5tt 

I 

where pi is the dimension of the subspace L,. 

In fact, in the following, we will use the 
central moments of the density of states 
normalised to the unity 


Table I . Two centers overlap integrals 


for FCC metals ( eF) 


Jder 

ddn 

ddi 

111 

Metal 

Reference 

-0.t4 

O' 185 

- 0 0.3 

1-85 

Ni 

11 

-0-5t 

0-.31 

-O-ll 

1-70 

Ni 

12 

-0-53 

0-24 

-0-03 

2-20 

'Ni 

13 

-0-29 

0-21 

-004 

1'38 

Ni 

14 

-0.38 

021 

-003 

1-81 

Ni 

15 

-0-25 

O'll 

-001 

2-27 

Ni 

15 

-035 

0 175 

-0 02 

2 00 

Cu 

16 

-0-.34 

0')8 

-003 

l■89 

Cu 

15 

-0 65 

0-27 

-001 

2-40 

he 

17 


f (£-a)"(£)d£ 

= r • 

J n(£)d£ 


One may notice that if the matrice a is a 
scalar, its effect is only a simple shift of the 
bands. 

But, in general, the matrix a is not a scalar, 
and the ad’,) defined by (4) are different. This 
leads also to a distortion of the band besides 
its shift. As a first approximation, we will 
neglect this effect in our computation because 
the crystal field integrals being much smaller 
than the j3 ones. 

In some cases, the differences between 
the shifts of the sub-bands may be of some 
importance, and we will estimate their effects 
using a pertubation expansion (cf. Appendix 
and Section 2(c), 

The second order moment is thus related 
to the width of the band and is written as: 

= dda^ ( /) + IddiT- ( i) + IddbHi) ] 

' ( 10 ) 


T able 2. T wo centers overlap integrals for BCC metals (eV) 


dekrO) 

ddn ( 1 ) ddS ( 1 ) 

\dJtr{l)\ 
ddni 1 ) 

dd,rl2) 

dtJTr{2} 

|c/rfo-(2)| 

ddnt2\ 

dd<r( 1 j 
dd(T{2) 

Metal 

Reference 

-1 13 

0-62 

-0-10 

18 

-0-52 

024 

2-15 

2'2 

Cr 

18 

-1-05 

0-45 

-0-05 

2-3 

-0-405 

0 13 

3 0 

2-6 

Fe 

19 

-0-74 

0-49 

-0-09 

1-5 

-045 

021 

2-1 

1-65 

He 

20 

-0-66 

0-4.3 

-0-07 

1-5 

-0-405 

033 

1-2 

1-65 

Fe 

21 

-0-73 

0-51 

-0-06 

1 4 

-0-41 

0 19 

2-15 

1-8 

Fe 

17 
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where Z| is the number of neighbours of the 

shell. 

We will keep only the integral between the 
first nearest neighbours in compact structures, 
and between the first and second neighbours 
in a BBC structure (cf, Tables I and 2). 

The computation of the other moments will 
depend on the crystalline structure and hence 
will become increasingly difficult. We shall 
give here only the result for the third order 
moment for various crystalline structures. 

The location of the first nearest neighbours 
of any atom is the same for all compact 
crystalline structures. Therefore, in keep- 
ing only overlap integrals between nearest 
neighbours, the third order moment fij is 
the same for all the compact structures, such 
as FCC and CPH. More precisely, one can 
write for /As : 

5fji, = 9{ddn + dcl8)mdda + dd8) 

- A {ddcr -t- 4ddiT + }ddS^) 
-^{dda-ddSyiddS-ddn) 

+ {ddd — ddn}'^ 

+ ldd7r{dd(T + 3ddd) 

X (ddff -I- ^dd-n -t- 3</d8 ) . 

For a non degenerate band, all the compact 
structures have the same moments, and 
therefore the same density of states. Now, 
due to the degeneracy of the d band, this 
is not true. The computation of already 
rather tedious will lead to results different 
for an FCC lattice and a CFF! one. These 
differences in or in moments of higher 
order, will then dominate the behaviour of 
the relative stability of the FCC and CPH 
phases, and thereby the value of the stacking 
fault energy [ 22 ]. 

The first moments pplFi) of the partial 
density of states /ii-jif), which is defined by 
( 8 ), can also be easily computed. 

Thus, the effect of a cubic field is to split 
the atomic five fold degenerate d levels into 


threefold and two fold degenerate levels; 
the former having Tj, symmetry with atomic 
orbitals xy, yz, zx (rzs' representation) and 
the latter having £„ symmetry with atomic 
orbitals and 'iz‘-P{Vn representation). 

For an FCC lattice, we have: 

= iddcr^ + AddiT^ + SddS'^ 

Pj(£„) = i (ddb-H ) 

and 

~iOdda-\-ddS)(ddTr + ddby 

— 2{ddiT — ddsy 

+ ^{ddTT — d(&){dder — ddSy 

p.,(E„) = ^ (ddn - ddb) (dda - ddby 

— ^ (ddcr + Addir idd&y 

+ iddrr (ddcr -t- 3dd8) 

X (ddcr + 4ddn + 3ddS) . 

The effect of a hexagonal crystalline field 
is to split the d levels into one non degenerate 
level of Ala symmetry and two twofold 
degenerate levels of symmetry £,„ and Eia- 
These levels correspond respectively to an 
absolute value of the projection of the orbital 
momentum of /n = 0 , |m| = 1 and |m| = 2 , 
i.e. to the (^ 5 , ^nd <t> 3 - 4>\ ^nd (^4 atomic 
orbitals. 

The moments p 2 (r() and pad',) can be 
written as a function of the moments of the 
FCC lattice; 

=p/"(r 2 „) 

for; = 2,3 (11) 

In a BCC lattice, we will also take into 
account the ovalap integrals between second 
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nearest neighbours as they are fairly close to 
the first ones. 

The second order moment is given by (10) 
and the partial moments and /isiEu) 

write easily as; 

( T-jJ = f [ idda-H 1 ) + IddnH I ) + 4ddSH I )] 

+ 2[2dchrH2)^dd8H2)] 
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and 


C = ddrril) ~ddd(l) 

_ 2d(hT {1} + d(Bil} 
3 


tb>iLA = ^^2dd7T{2) + dd8(2)]-2B^d(&{2) 
24 

-iVC^[2dd7r(2)-t/t/6(2)] 


M.(£„) = ![2c/d(r'^(l) + dt/8^(l)] 

+ 3[dd(r“(2)+t/dfi'(2)]. 

We pet for the third order moment /i ,; 


H4^^^[dch{2)-2dd8(2)] 

+^[dd(T(2) + dd8(2)]. 


^^, = A-^[2dd7r{2) + dd8{2)] 

+ ~ [(/c/(t( 2) -4rfd77(2) - 3dd8(2)] 

- 2B=|(/do(2) f /)'Iddfr(2) + dcfS(2)|] 
with 

, 3r/(/(r(l) +2tW7r(l)+4t/d8(l) 

-4 9 

_ ?idd(r( I ) ~ddTT {\ ) —2dd8[ 1 ) 


(c) Numerical values. Using the results of 
(a) and (b). we have listed in Tables 3, 4 and 
5. the numerical values of the first moments 
fj..,. fi:„ and jjL^ and of the ratios and 

for the FCC, CPU and BCC crystal- 
line structures. We have also presented the 
results for a non degenerate band. 

In particular, one may notice that the 
moments are different for an FCC lattice and 
a CPU one, their difference being quite small 
(of the order of a few percents), and almost 
independent of the da ratio [22]. 


Table 3. First moments for FCC structure f/3 units) 




t. 

1 olal band 

Non degenerate band 


44) 

to 

t-6 

I2 


1-7? 

-OhI 

-I to 

- 48 


t|.y 

14 1 

24 S 

+ S40 

M-i 

o:: 

-0 12 

-0I9 

-I 15 

iil 

fi-/ 

2-0 

1 6 

I -9 

+ t-75 


Table 4. First moments for CPH structure f/3 units) 





£ 2 . 

total band 

Non degenerate band 

Mi 

40 

3 3 

3-7 

3 6 

12 

Ma 

- 1 '75 

- 10 

-1-.37 

- 1 .30 

-48 

Ml 

30 9 

19-4 

2.S 2 

24 0 

.540 

Mi 

-0'22 

-0 13 

-017 

- 0 19 

-M5 

Ml 
.. 2 

1-9 

1-75 

19 

1-8.5 

3-75 


ih‘ 
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Table 5. First moments for BCC structure (j3 units) 





Total band 

Non degenerate band 


3'3 

2-1 

2'8 

9'5 


015 

-2-24 

-081 

-36 

U-* 

18 

10 

14-8 

366 


0-02 

-0-76 

-0 17 

-1-25 


1-64 

2-28 

1 83 

405 







2. DENSITY OF STATES AND ELECTRONIC 
ASPHERICITV 

( 1 ) Density of states 

In a cubic structure, the location of the 
limits of the d band is fairly well known, and 
therefore one can get the width as a func- 
tion of the two center overlap integrals. 

Thus in an FCC lattice, the bottom of the 
d band is located in X-.,, and its top in X:, 
[11, 12] and; 

X^=— {}dd(T + ddS)+a(T.t,i} 

Xs = 3(dd(r — ddS)—4ddv- +a(T 2 „) 

and 

= 2 (- 3dd(T + 2ddn + 2dd8) ~ Sl3. 

In a BCC lattice, the location of the 
extremities of the d band may depend on the 
method of computation. Usually, it corres- 
ponds either to the point H of the Brillouin 
zone, or to the point A' [18, 19, 21]. Since 
this leads to the same order of magnitude for 
the width, we will compute it assuming 
that the bottom of the band and its top are 
respectively located in //u and ; 

HK, = -^[iddxT{l) + 2ddn(\) + 4dd8(\)] 

+ 2[2dd7r{2)+ddSi2)]+a(T,„) 

H,, = -i[2ddn(\) + dd&(\)] 

+ i[d(h{2) + ddB{2)]+a{E„) 

and 

= I [- 3c/dir ( 1 )+ 4d<i7r ( 1 )- dd8 (1 ) ] 


-}dd(T(2)+4ddn(2)-ddb(2) 

+ a(Tiy) -aiEg] 

W„rr~2l3 + a{T,„)-a{E„)^l^. 

In any case, one can verify that W ~ 4V^; 
for a non degenerate band, this would be 
X5\^n,. 

From the numerical values of the first 
moments listed in Tables 3-5, one can get 
some more information about the shape of 
the total density of states n{E) and of the 
partial ones. Indeed /uj, 
respectively reflect some characteristic 
features of the width of the band, its asym- 
metry and the importance of its wings. 

Thus, one can notice that since 
is smaller for a d band than for a non degener- 
ate one, the d band is somewhat more sym- 
metric. This is due to the fact that now the 
overlap integrals are not ail negative, as was 
the case for an s band. A similar effect occurs 
in which is also smaller for a d band 
than for an s band; therefore the band will 
be less spread out. 

The same kind of conclusions can be drawn 
for the partial density of states. Thus, one 
expects in an FCC lattice the sub-band to 
be broader than the £„ one; in a CPH lattice, 
the three sub-bands to be of similar shape; and 
in a BCC lattice, the sub-band E„ to be much 
more asymmetric than the one. 

These qualitative features of the d band as 
seen by inspection to the first few moments, 
are in agreement with the more precise 
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description given by a full band structure 
computation [19, 21,27]. 

(2) Electronic d axphericity 
It is clear from the previous discussion that 
the electronic charge distribution surrounding 
an atom will not in general be spherical in a 
transition metal*. This effect can be in- 
vestigated experimentally either by diffraction 
of X rays or of polarized neutrons. The X rays 
experiments lead to a knowledge of the total 
electronic charge distribution, whereas the 
neutron experiments using ferromagnetic 
materials, give informations about the charge 
distribution of impaired electrons. It should 
be noticed that the impaired electrons, which 
are responsible for the magnetization, have 
their energies lying between the two spin up 
and spin down Fermi levels E and E . Since 
the departure from spherical symmetry is 
usually quite large for the impaired electrons 
charge distributions, the experiments can 
give some more precise answers. 

The electronic charge distribution can be 
written: 

/(/•) = /%((/•.■') dr (12) 

and 

Z,/£) = J' a, (£')dr 

We will compute Z(£) and Z|^(£) using for 
the density of states a curve fitted to its first 
moments. t 

Here we will take a gaussian multiplied by 
a polynomial (23] and with the first moments, 
this can be written: 


«r,(Ar,) 


vlTrfjiiiVi) 


X 


l+^(3-6A',HX,*) 


*tn principle, one would have lo lake into account 
this departure from spherical symmetry and use non 
sphericaj atomic potentials and wave functions. This 
would lead to an additional small crystal held splitting. 

tWe have neglected the overlap between the d orbitals. 
This can lead to a quite negligible additional asphericity. 


with 



( 13 ) 


£-«(ri) . j- i^4(ri) . 


o ^jidLL 
' ndHid 

and 

n(E) = Znr.iE). 

I 

It must be pointed out that in all the follow- 
ing numerical computations, the dominating 
term in Z( £) comes from the first term on the 
right hand side of (13); the moments and 
fi., then have quite a negligible effect. 

(a) FCC structure. In the first figure we 
have plotted the results of a computation of 
Z(£) and of Z,.(£) for the two .symmetries 
T.j„ and £„. Z(£)'can also be written as 


Z{E) = ZrJE}+Z,^{E}. 

In these computations, we have neglected the 
possible shift of the band. But, if, as we 
expect, the two sub-bands have the same shift, 
the curves Zj (£) and Zk (E) will have the 
same relative position. 

The only transition metals having an FCC 
structure can be found at the ends of the series. 
Here, we will describe the ferromagnetic 
materials, e.g. Ni, Co, and some dilute alloys. 
In the following, we will assume that the two 
spin up and spin down densities of states 
« t (£) and /i i (£) can be obtained by a 
simple rigid exchange splitting of the total 
density of states. 

Experimental results on Nickel can be 
interpreted as corresponding to a strong 
character of the unpaired electrons. More 
precisely, Mook[24J gave a population of Ti„ 
orbital of 81 per cent, while some older results 
[25] have been interpreted [26] as correspond- 
ing to a T.,„ population of 75 per cent. A 
distribution of spherical symmetry would 
correspond to a population of Tig orbitals of 
60 per cent and Eg orbitals of 40 per cent. 
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Any value over 60 per cent for the orbitals 
indicates that the spin density tends to point 
along the body diagonals (111) of the cube, 
and any value less than 60 per cent along the 
cube axes (100). 

Assuming 0.55 holes in the spin down band 
n 1 (£), we find that the population of ^2fl, 
given by 




Zf +Z)} 

2J 'o 


is 70 per cent. 


Our result is then a little too small. This is 
probably due to the fact that a small number of 
moments are unable to describe the well- 
known prominent peak at the top of the band 
of Ni. This peak might be mainly responsible 
for the Tj, character, as suggested by Hodges 
and Ehrenreich[27], 

Using the results of a Green’s function 
band structure computation, Wakoh and 
Yamashita[28] give a rate of 74 per cent 
Ti,, for the magnetic electrons. They also 
give a value of 59 per cent for the proportion 

of symmetry corresponding to the total 
electronic charge density. The total electronic 
charge distribution is then nearly completely 
spherical, as one could have guessed from 
Fig. 1 , More precisely, we find a proportion 
te of 60 per cent, i.e. a spherical distribution. 

The magnetic form factor of a dilute ferro- 
magnetic alloy Pd Fe with 1-3 per cent of Fe 
has been measured by Philips [29]. He has 
emphasized the aspherical shape of the un- 
paired electronic distribution, which can be 
assumed to have a proportion of 80 per 
cent of T 2 „ symmetry. 

The 4d electrons play in Pd a role, some- 
what similar to the 3d electrons in Ni. 
Neglecting the distortion of the band due 
to the addition of a small amount of Fe, 
one would expect in our model a similar 
behaviour to that of Ni, with a strong Ti* 
character for the unpaired electrons.* One 


*We have neglected the spin orbit coupling which 
would reduce the and E, symmetries. 



Fig. I. FCC structure, number of electrons 2(£„). 
Z{Tu) and Z for the sub-bands and the total band, the 
density of states being normalized to unity. 


also might expect a strong T^g character for 
the unpaired electrons in some other possible 
FCC ferromagnetic alloys, such as Pd Ni. 

Weiss [30] has interpreted the data of 
Menziger and Paoletti[31] on the FCC phase 
of Cobalt by assuming a proportion of the 
unpaired electrons in the T-ig orbitals of 
44 ±4 per cent. Thus, there would be an 
excess of Eg orbitals which is contrary to 
the situation in the case of Ni. 

Here, assuming 1 -7 holes in the spin down 
band n i (£), we find a relative occupation 
of 61 per cent for the T^g orbitals. It could 
be seen that the Tig orbitals in our computation 
are slightly in excess, but as one can easily 
see from Fig. 1. a very small relative dis- 
placement would reverse this effect. Thus, 
if we take into account a small difference 
between the shifts of the sub-bands, we find 
now a slight over occupation for the Eg 
orbitals. 

In an FCC structure, the electronic states 
have then a predominant T^g character at 
the top of the band. But at lower energies, 
this reverses and the Eg character pre- 
dominates. 

(b) CPH structure. We have seen (cf. 
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Section 2.1) that the density of states will 
probably have a similar shape in an FCC 
structure and in a CFH one. The partial 
densities of states (£) can be related to 
each other using (1 1) and (13). Thus from the 
results for the FCC structure, one can guess 
that the will be predominant at the top 
of the band. 

For the CPH phase of Co, our model leads 
to a very small departure from the spherical 
symmetry for the unpaired electrons, as we 
find the following occupation for the orbitals: 

.4,,,: 20' 3% £,„:39 5% 40-2%. 

This agrees with the experimental results of 
Moon|32] who obtained a nearly spherical 
charge distribution with a deviation of the 
order of 0'2 per cent excess of E,., orbital. 
This result has also been obtained theoretically 
by Hodges and Ehrenreich[27] using an 
interpolated band picture. 

(c) BCC structure. The Figs. 2(a) and 2(b) 
represent the curves 7AF} and Z|.,(£) for 
the respective cases « =0; and a =-1312, 
(x(T.,„) -a(E,i) =-pl2. In that last case, 
we have taken two different shifts for the two 
sub-bands and £„ (cf. Appendix). The 
Fig. 2 suggests that there will be some notice- 
able deviation from a spherical distribution, 
although the BCC transition metals have 
their Fermi levels near to the middle of the 
band. 

For example, we have listed in the Table 6 
the results of various experiments and 
computations done on Fe. t,„ and t,. denote the 
relative proportion of Fj, symmetry for the 
unpaired spin density and for the total charge 
density, respectively. In our computation, 
we assumed A-6d electrons with spin up, and 
2’4d electrons with spin down, in accordance 
with the magnetization data and with a 3d'’ 
configuration. 

We have also listed in the Table 7. the 
relative proportion £ of Tj*, symmetry for 
two different occupations of the d band, which 
correspond respectively to the cases of V, Nb, 



Fig 2 Bf C'.truclure' numberofelectronsZ(£„),Z(Ji„) 
and Z for the sub-bands and the total band, the density of 
states being normalized to unity. (2a) with a = 0; (2b) with 
a=-h/2:«(r.^) -«(£„) = -/3/2. 

Ta (Z = 3-4) and Cr, Mo, W (Z = 4'6). These 
metals have a band which is not completely 
half filled and therefore the electrons have a 
predominant symmetry. The situation 
would be reversed for metals with more than 
half their band filled. Unfortunately, there 
are very few experimental results on these 
metals, De Marco and Weiss [35] have inter- 
preted their experimental results on V in 
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T able 6 . and 4 values for iron (%) 


Im 


Method 

Reference 

50 

— 

Polarized neutrons 

25.26 

47 

70 

Polarized neutrons and X rays 

34 

46 

62 

Band structure computation 

28 

48 

62 

Band structure computation 

33 

47 

57 

Band structure computation 

34 

49 

59 

Band structure computation 

19 

53 

60 

This work 


.50 

62 

This work 



Table 1. 1 ,. values for BCC meluls (%) 


Z 

t,(a-0) t 

.[o = -f o( 

T-J-aiE,,) 

11 

1 

3-4 

68 0 


11-5 


4-6 

6.3 5 


690 



assuming a relative rate 4 of 81 per cent, 
which seems rather too large. 

Cr is a special case as it is antiferromagnetic. 
The unpaired electrons will then correspond 
to electron states in the band structure which 
are in the neighbourhood of the gap. There- 
fore they represent only a small fraction of the 
electronic states, lying near the Fermi level. 
Looking then at the results of a band structure 
computation done by Asano and Yama.shita 
[36J, we can expect that the electrons per- 
turbed by the formation of new boundaries 
zones will be of predominant T^, symmetry. 
This may explain the experimental results of 
Moon and Koehler[37] who gave an occupa- 
tion f„, of 79 per cent. 

3. CONCLUSION 

In a tight binding scheme, we have de- 
scribed the d band of transition metals using 
an expansion of the density of states in its 
moments. The moments can be expressed 
as a function of the two center overlap 
integrals. Therefore they depend only on 
simple parameters, such as the filling of the 
d band, and the crystalline structure. 

From the numerical results of the first 
moments, we have been able to obtain some 
qualitative features of the total density of 


states and of the partial densities of states of 
the sub-bands due to the crystal field splitting. 

We have done a systematic study of the 
electronic d asphericity of the transition 
metals, using results obtained from the first 
moments. Indeed, if a precise knowledge of 
the density of states requires a large number 
of moments, a semiquantitative description 
of the electronic charge distribution can be 
obtained very easily using the first moments. 
The results are in reasonable agreement with 
the experiments. In particular we find that: 
for an FCC structure, the peak at the top 
of the hand has a strong T,,, character; for 
CPH metals, the distribution of electrons is 
nearly spherical; for ^ BCC structure, the 
antibonding part of the density of states has 
a slightly predominant £„ character while 
the bonding part has a slightly predominant 
T.,„ character. 
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of little consequence for the properties under 
study of the glasses investigated were not 
altered by this cooling procedure. 

The NMR spectra of the samples were 
recorded using a Varian model V-4200B wide 
line NM R spectrometer operating at a modula- 
tion frequency of 4()<)c/s. The magnet 
employed was a 9 in. Varian Associated 
electromagnet with Fieldial control. All 
spectra were taken at room temperature with 
a scan rate of 2Ci/min. The following dis- 
cussion is concerned primarily with the ■''‘V 
NMR results since they yield the most useful 
information concerning the glass structure. 

.1. NMR RESULTS AND ANAl YStS 

I he derivative curve shown in Fig. 1 is 
typical of the NMR spectra of the '"'V 
nucleus for mole percentages of V./), from 



Fii; I I'lrsl derivative of the "V resonance of 80 mole 
V.O., phosphate ylass at 12 MHz 

60-80 per cent. (All references to percentages 
of the glass in this paper refer to mole per cent 
of V.,();, content in the glass.) Thi.s curve 
represents the derivative of a very large 
asymmetric absorption curve cau.sed by a 
large amount of broadening due to either 
quadrupole or magnetic interactions or both. 
Similar curves were obtained at resonant 
frequencies from 8 to 16 MHz, Below 
8 MHz the aluminum NMR line from the 
Varian probe is superimposed on the vana- 
dium line making quantitative information 
very difficult to obtain. 


The phosphorous isotope “‘P is 1 00 per cent 
abundant and has a nuclear spin of / = i 
consequently having no quadrupole moment. 
Figure 2 .shows a typical phosphorous spec- 
trum of 70 mole per cent glass at 16 MHz. 



Fig 2. Fii si derivative of the ■"? resonance of 70 mole % 
V'.Oj phosphate gla.ss at 16 MHz. 

The low held side of the spectrum is broadened 
out. Thi.s broadening of the phosphorous line 
can be accounted for if there exists a distribu- 
tion of local magnetic fields. The small peak 
on the low field .side of the spectra in Fig. 2 is 
presumably due to those phosphorous nuclei 
which are not appreciably affected by the 
magnetic interaction taking place in the glass. 
It would be expected that only those phos- 
phorous nuclei which are near neighbors to a 
vanadium atom would contribute to the line 
broadening. 

The shape of the '“^'V NMR line observed 
for an amorphous or polycrystalline sample 
depends upon the magnitude and symmetry 
properties and distribution of the electric 
field gradient at Ihe vanadium site. If the elec- 
tric field gradient is small, satellite transitions 
(e.g. m = ±t ^ ±i, m = ±1 <-♦ and m = 
±j ^ j) distinct from the central transition 
(m = i «-♦ -{) would be expected. For large 
electric field gradients the central transition 
becomes asymmetric and will show structure 
[6, 9J if the broadening is small enough. In the 
case of giassey materials, the satellite lines 
are usually broadened to such a degree that 
they are not observable (12, 1 3], In the present 
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study measurement of the intensity of the ‘'V 
lines compared to the intensity of the VjOj 
NMR spectrum indicates that only the central 
-i transitions are contained in the 
observed resonance. In addition, no distinct 
satellite lines were observed in the glasses. 

The spectra obtained were analyzed 
employing the relationship previously 
developed [10, 11] and given in equation (I) 
for the measure of the asymmetry of the line 
A/ = - /, (see Fig. I) of the central transition 
due to quadrupole and anisotropic magnetic 
shift interactions in a polycrystalline sample. 

M = { [/(/+l)-f] + 12( 

( 1 ) 

where = ‘ie'^qQI2l{2l — l)h. fCn is the third 
component of the diagonal anisotropic mag- 
netic shift tensor, «• is the peak-to-peak width 
of the first derivative of the resonance line and 
eq is the largest component in the principal 
axis system of the electric field gradient tensor 
at the nucleus. For simplicity, axial symmetry 
has been assumed for both the field gradient 
and magnetic shift tensor. 

The procedure employed is to plot A/ 


against frequency and by curve fitting to 
extract the values of the quadrupole coupling 
constant Cq = e‘qQlh, and anisotropic mag- 
netic shift At||. It would appear from equation 
( I ) that the data would fit a curve of the form 
^1= ajv + hv^. However, the experimental 
data as illustrated in Fig. 3 fit a relation- 
ship of the form M — alv+hv. This can 
be explained by a broadening of the resonance 
line due to a distribution of values of coupling 
constant Cq, asymmetry parameter tj and 
K|| centered about some average Cq and 
/^ii. Such broadening has been believed to 
alter the resonance line shape in borate glasses 
[13]. It is extremely difficult to include varia- 
tions of Cy. Xii and in a theoretical discus- 
sion of line shapes so that the usual procedure 
is to approximate the effects of such variations ■ 
on an analysis where single values of coupling 
constant and shift are assumed. The line 
broadening can be expressed by 

0^ = 0-/ -f- o-y’* -I- cr„=* (2) 

where o-,/ is the dipolar contribution, o-y the 
quadrupolar contribution including variations 
in the asymmetry parameter, tj and o-,„ the 



V (MHlI 

Fig. 3. The line asymmetry parameter A/ for the ’'V resonance as a 
function of frequency t> for 60 and 80 mole % V,Oj phosphate glass 
The dashed curve is a least squares fit of A/ = a/n + Pi'’. The solid 
lines are least square fits of At = ah- + hi’ . 
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magnetic shift contribution to the line width. 
The quantity (Tq will vary inversely as the 
resonant frequency, (t„ will be proportional 
to the frequency and is a.ssumed to be con- 
stant over the range of frequencies employed 
in these investigations. For large values of (t„. 
that is. at high frequencies, will dominate 
and (T = a-„, + (r/l2a„, for small values of 
compared to cr™. A rough estimate [9] for o-j 
due to nuclei in VOj is .‘i g. At 16 MHzthe 
line width of 80 per cent vanadium phosphate 
glass is 24 g. 

Since (t„ = Rv where /? is a constant, the 
contribution from the magnetic interaction to 
the line asymmetry A/ becomes 
which results in an expression A/ = a/r + hi’ in 
agreement with the experimental data. A 
check of the line width data shows agreement 
with this expression for frequencies above 12 
MH/. At lower frequencies the line width will 
be dominated by cry and a,j. However, at 
frequencies below about 12 MHz the quadrii- 
pole broadening is so dominant that Al will 
assume a I /r dependence. 

Figures 3 and 4 show experimental values 
of A/ for different percentages of vanadium 
phosphate glass plotted against frequency. 


More than one sample of each composition 
was examined and in many cases two data 
points lie on top of one another. This is 
indicated by placing a circle within the other 
data point. The method of least squares has 
been used to fit the curve A/ = ajv+bv to the 
data. Table 1 lists the values of a, b and Cy 
with their standard deviations determined by 
this analysis. Figures 5 and 6 show respec- 



Fig .s. Oiiiiilrupolc coupling constant Ty lor as a 
function of V^O. content in vanadium phosphate glass 



Fig. 4, The line asymmetry parameter M for the V resonance as a 
function of frequency i' for 6.S, 70 and 75 mole % VjOs phosphate 
glass. The solid lines are least square fits of A/ = a/r + hv. 
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Fig 6. Anisotropic shift of ’'V resonance as a function of 
VJO^ content in vanadium phosphate glass. 

lively the quadrupole coupling constant C« 
and K]?IR^ plotted against glass composition. 

Figure 7 shows a plot of the isotropic 
magnetic shift K. These values are also 
included in Table 1. The values of K were 
measured relative to that of the aluminum line 
from the Varian probe at 16 Mc/sec, but were 
converted to that of an unshifted vanadium 



Fig. 7 Isotropic shift of *'V resonance as a function of 
VjO, conteni in vanadium phosphale glass. 

line using the Knight shift of aluminum of 
0162 per cent. Hence this procedure of in- 
direct measurement will not affect the relative 
accuracy of these values of K. 

4. QUADRUPOLE COUPLING CONSTANT 
It is apparent from Fig. 5 that for glass 
between 60 and 80 per cent VjOj the quadru- 
pole coupling constant decreases linearly 
within experimental accuracy. This depen- 
dence can be employed to estimate the valence 
stale of the V ions in the glass. The results of 


Table I . NMR Parameters for V ions in V^Or-PjOj glasses 


VjO., 

a 

h 




1%) 

(g(MHz») 

(g/lMHz)) 

(MHz) 

10* 

Ax 10* 

60 

104-66 

-0-3142 

6-77 

-10 27 

-8-94 

e-S 

71-00 

-0-0137 

5 59 

-3 195 

-7-70 

70 

59-70 

-0-2046 

5-15 

-6 709 

-6-47 

75 

.30-51 

-0-0966 

3-66 

-3-150 

-5-95 

80 

25-13 

-0 0478 

3.32 

-I-.564 

-5-59 

Standard deviatioas 

VO 

^£7 

Sh 

8Cq 



(%) 

(g(MHz)l 

(g/(MHz)) 

(MHz) 6(AV/fi')xW 


60 

1-03 

0-0080 

0033 



65 

0-86 

0-0067 


0-219 


70 

0-87 

00066 


0-217 


75 

1-22 

0-0090 




80 

1 05 

0-0083 


0-242 



ft 
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both Munakata[l] and Rao[3] using chemical 
and X-ray analysis indicate that the lowest 
valency state of vanadium in vanadium phos- 
phate glasses prepared in air is Since the 
vanadium in VjO, is mostly in the state, 
vanadium must exist as both V'’’* and ions 
in vanadium phosphate glasses. Various 
authors [4, 14, 151 using EPR have found that 
the ion exists as the vanadyl ion V()^+ in 
borosilicate, sodium borate and vanadium 
phosphate glasses. The ions are six 

co-ordinated with one of the bonds being 
covalent, stronger and shorter than the others 
which are more ionic in character. This gives 
the ion an approximate axial symmetry 
along the covalent bond. 

The quadrupole coupling constant has been 
measured 1 16] in polycrystalline VCT where 
vanadium exists in the V''+ state. It has been 
found that I'q- 0-5 MH/ which is equivalent 
to a coupling constant Oj = 14^^ = 7 MHz 
for in VO.^. Garnastansky and Stager[17] 
have measured C'o in single crystals of 
where vtinadium is in the state, and have 
determined the value of r,j = 8()5KH7. 
Previous authors [1 8, 19] using po]ycrystalline 
samples of V/T, have reported a coupling 
constant for the V'’^ ion of 752 and 780 kHz. 
The coupling constant determined from the 
single crystal will be taken as the more 
reliable. 

If a straight line is filled to the data of Fig. 5 
by the method of least squares, then 

('«= I7-26-17-66/’ (.3) 

where Cy is in MHz and Pis the mole percent 
of V2O5 in the glass divided by 100. The V^' 
NMR spectrum in the glass is the resultant of 
the various spectra of and ions pre- 
sent in the glass. The quadrupole coupling 
constant Gy obtained then must be the average 
Cy. The fact that the NMR spectra of the V''+ 
and ions are not individually observable is 
probably due to the large line width caused by 
diverse distortions of the co-ordination sym- 
metry which manifests itself as o-y and (r„ 


mentioned earlier. These distortions are 
inherent in the amorphous nature of glass 
[12,13]. 

If Cy is an average, then it follows that 

Cq= (n4Ci + n!,CrJln,., (4) 

n,. = (5) 

where «4 and n.-, are the density of V'*'*' and V*’*' 
ions respectively, r4 and C5 are the quadru- 
pole coupling constants for and and 
/?,, is the density of vanadium atoms present in 
the sample. Equation (4) appears to be a 
reasonable first approximation to a rather 
complex problem which requires the addition 
of electric field gradient tensors whose com- 
ponents are not known. Substituting for Cq 
from equation (3) and the values of 0 = 7 
MHz and Cj = 0-805 MHz. equations (4) and 
(5) can be reduced to 

(2-66-2-84P);),, (6) 

/!:,= (-l-66-F2-84P)n, (7) 

for the concentration of V'** and V^'*’ ions. It 
has been assumed that the coupling constants 
for vanadium in VOj and VjO-, are good 
representative values for the coupling con- 
stants for the and ions in the glass. 
From equations (6) and (7) it is apparent that 
lU and Ik, are zero a\ P = 0-936 and F - 0-585 
respectively. Only between the ranges of 
about 60-90% V.^O-. can the empirical rela- 
tions expressed by equations (6) and (7) be 
expected to be true, that is only where the 
coupling constant Cy depends linearly on 
vanadium concentration (P) and only if a 
glass can be formed at the percentage. 

5. MACNETIC SHIFT 

The negative values for K and in 

Table I would indicate that core polarization 
of the vanadium atom is taking place. This 
core polarization is most likely caused by an 
electrostatic coupling of a hd electron to the 
inner shell electrons such as the 3x electrons. 
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The ion of VO‘*+ in has an 

unpaired electron placed in a practically non- 
bonding 3 £/j.„ vanadium orbital [20]. Hoch- 
strasser[4] believes from EPR measurements 
this to be somewhat the case for ions in 
borosilicate glass. Calculations [15] by Hecht 
and Johnson using EPR confirm this view for 
in sodium borate glass. From the shifts 
reported [17] for in V2O5 single crystals 
where there are no unpaired Id electrons the 
isotropic shift is a negative K = -0-567 X 10“‘. 

T he increasing or less negative values for K 
and with increasing vanadium content 

then indicate that the concentration of 
ions is decreasing while that of the ions is 
increasing. This is of course what was found 
from the quadrupole coupling constant cal- 
culations and merely supports this view. This 
conclusion is also supported by Nagiev [4] 
who found that the number of V'"' ions in- 
creased as the concentration of PjO., increased 
in vanadium phosphate glasses. Measurements 
of the magnetic susceptibility |31 showed that 
it decreased as the percentage of VjO,-, 
increased. This evidence further supports our 
data since the unpaired d electron of the 
ion is responsible for the magnetic susceptibi- 
lity. 

The low value of for 65 per cent is 
apparently real since three different glasses of 
this concentration gave a comparative value. 
There appears to be no obvious explanation 
for this low value at 65 per cent. 

6. RE.SISriVITY 

Semiconducting glasses are those amor- 
phous materials which have a volume resis- 
tivity less than UPfl-cm at 25°C and have a 
negative temperature coefficient of resistivity. 
Vanadium phosphate glasses with or without 
other metal oxides are electronic semiconduc- 
tors. Their resistivity is time independent [21] 
as opposed to ionic conductors. Through the 
work of Munakata[l] and Rao[3] it is known 
that the resistivity is strongly dependent on 
the concentration of V''^ and ions in the 
glass as well as the total vanadium content. 


Both authors have shown that the electrical 
conductivity is decreased with an increasing 
concentration of the lower valence states of 
vanadium, namely Denton et a/. [21] 
were the first to suggest that these glasses are 
n type semiconductors. The fact that there is 
no p type conduction has been confirmed 
several times [1 , 3, 22. 23]. 

It has been proposed that the mechanism 
[24] for conduction in the V2O5-P2O5 glasses 
is the transfer of an electron from an ion of 
lower valence to one of higher valence. Rao 
[3] has suggested that the basic unit of con- 
duction is that of the VO,, groups with the 
vanadium ion in different valence states. 
These VOe groups are linked as chains or 
sheets, depending on the concentration of 
vanadium, to provide a path for conduction 
of the electrons. Rao [3] has measured the 
activation energy AE at 54, 81-5 and 90-5% 
VjOj content. (Rao’s percentages are based 
on the system V20,,-P40|„ so that his percen- 
tages must be transformed into the system 
V2O5-P2O5 by the equation P=TI{2-T) 
where P and T are the percentages divided by 
100 expressed in the systems using P2O5 and 
P4O, I, respectively. )These three values plotted 
against VjOj content lie on a straight line 
given by the empirical equation At = 0-6- 
0-4 P. It has been determined [3| that the tem- 
perature dependence of the resistivity is given 
approximately by p = pncxp i\ElkT). 

Figure 8 is a graph of Inp plotted against the 
per cent of VjOj at 25°C for vanadium phos- 
phate glasses melted in air for the two cases 
where p» is proportional to the ratio njn^ and 
proportional to l/nj. The black circles are 
data points taken from the papers of Rao[3]. 
(These data have been converted from logioto 
natural log base and from the system P^Ojo to 
the system P2O.4 using the previously given 
equation.) The rational for choosing po pro- 
portional to njns and \ln^ is that various 
authors [1 , 3. 4] have suggested that the resis- 
tivity is highly dependent on one or another of 
these quantities. 

As can be seen from Fig. 8, there is no rea- 
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Fig K l.n resiistivity plultcd again^l VjOj content The 
circles aie the data points of Raol31 The solid line is 
/j I In.,. I he dashed line is p njn^ 


son to choose either one or the other para- 
meter as being dominant and responsible for 
electronic conduction in vanadium phosphate 
glass. Moreover one can say that there must 
exist some other complex mechanism such as 
mobility of the conduction electrons which 
plays a mote sensitive role in determining the 
resistivities of thc.se glasses. Any mechani.sm 
will certainly depend on the general concen- 
tration of V” ions since the general trend of the 
curves in Fig. 8 is in the right direction to- 
wards decreasing resistivity with an increasing 
concentration of ions present in the glass. 

7. rONCI.DSION 

Fmpirical relations have been found for the 
concentration of V''^ and ions as a func- 
tion of the mole percent of V. 2 ()s between 60 
and 90 per cent. At percentages less than .'iO 
per cent, a picture develops of mostly V-‘+ 
ions, with very few V'’+ ions, interspersed 
among the PO^ chains and groups causing a 
shortage of conduction electrons which gives 
the glass its very high resistivity. At around 
.‘10 per cent there are enough vanadium atoms 
among the P 04 groups that additional vana- 
dium atoms coming into the structure have a 
very good probability of connecting onto an 
oxygen already bound to another vanadium 
instead of a phosphorous, and of starting to 
form VOe groups [3] mainly of character. 


Electrons are probably made available in this 
process of VOg group formation and the con- 
duction carrier concentration increases. There 
seems to be no reason at present to attribute 
this increased conductivity directly either to 
the density of V“+ ions or to the ratio of 
V5+/v-*+ ions present but that the general 
increase of ions for increasing concen- 
trations of VjOs present must affect some 
other mechanism such as mobility which is 
mainly responsible for the widely varying 
values of resistivity which have been reported 
in the literature. Certainly more experimental 
work needs to be done on determining un- 
known quantities such as those mentioned 
above before any model for conduction can be 
selected in the vanadium phosphate glass 
system. 
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A NOTE ON THE DETERMINATION OF THE 
DENSITY OF PHONON EIGENSTATES FROM 
THE INELASTIC INCOHERENT NEUTRON 
SCATTERING* 


D. T. KEATING 

Brookhaven National Laboratory. Upton. N Y. 1 1973. U.S A. 


iRei eived 2 October 1 969; in revised form 24 November 1 969) 


Abstract- A method for determining the density of phonon eigenstates of a harmonic crystal from the 
inelastic incoherent neutron scattering is described. The neutron scattering contains, in addition to the 
one phonon process, multiphonon processes. This scattering, including mulliphonon processes, can 
always be expressed as a Fourier integral transform of a function of the phonon eigenstates, and if the 
scattering is measured while keeping the magnitude of the scattering vector constant, the phonon 
eigenstates can be obtained by appropriate Fourier inversions. The method is illustrated using the 
phonon eigenstates recently determined for vanadium at 300“K from the measurement of the thermal 
diffuse X-ray scattering. Assuming that the only effect of temperature is the change in the occupation 
number of the eigenstates, the influence of temperature on the scattering, and the frequency distribu- 
tion in the one phonon approximation is discussed. The integrated multiphonon processes are 16-6. 
63 5and 16.^ per cent of the one phonon process at 300. 1 000 and 2000“ K. 


1. DEVELOPMENT OF METHOD 
A METHOD for the direct determination of the 
density of phonon eigenstates of a harmonic 
crystal from the measured neutron inelastic 
incoherent scattering is described. The treat- 
ment is valid when the restoring forces are 
linear in the displacements and the crystal 
eigenstates are those of harmonic oscillators. 
The method is described for cubic bravais 
lattice types of one atomic species. The exten- 
sion of the method to more complex crystals 
has not been considered. The method takes 
advantage of the obvious fact that the Fourier 
integral time transformation of the multi- 
phonon formulation is the series expansion of 
the exponential function, whose argument 
involves the Fourier integral transform of the 
phonon eigenstates. Thus the scattering, 
including multiphonon processes, can always 
be expressed as a Fourier integral transform 
of a function of the phonon eigenstates, and 
provided the scattering is measured keeping 
the magnitude of the scattering vector 


'Work performed under the auspices of the U.S. 
Atomic Energy Commission. 


constant, the phonon eigenstates can be 
obtained by appropriate Fourier inversions. 

As the starting point we write the inelastic 
incoherent scattering in the multiphonon 
symmetric formulation following Sjolander 
[2] andTurchin[3] as 


{b Vfir|„i/dlldtu-6(w)) 


= ( 1 -Faj/wo)''*exp 


ffitulx) 

Mai(O) 


— wlw{T) 


7C 

X 2 (m(u(x)/M)'’C„(w)/n!. (1) 

n- 1 

where b is the incoherent scattering ampli- 
tude; dfrinc/dlldcu is the second order double 
differential incoherent cross section: tu is 
the difference between the scattered circular 
frequency w' and incident frequency ruo of 
the neutron; m and M are the neutron and 
atomic masses; and |ku|H|k|'-2|k1 |ico| 
cos 2b, Ko and k being the wavevectors of the 
incident and scattered neutron, and 20 being 
the angle of scattering. The circular frequency 
associated with the scattering vector, x- is 
w(x) = AxV(2m). where fi is Planck's constant 
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divided by lit. The circular frequency 
associated with the absolute temperature 
T, is w(T) = IkTjh. where k is Boltzmann’s 
constant. The circular frequency <<){0) is 
defined by 

IM0)=f'— coth(w/6)(T))da), (2) 

} „ w 


/(wldw is the number of eigenstates between 
w and w + do) divided by the total number of 
eigenstates. The maximum vibrational 
frequency of the crystal is The usual 

Debye Waller factor is then mai(x)/(W«»(0)). 
The quantity Gn(oj) is defined by 


G„(w) = J ^ G|(<()~<u")G„..|(cu")d^()", (3) 


and 


G,(w) = 


AM) 


2o) sinh (oj/oj( D) ' 


(4) 


These G's differ from Sjblander’sll) only by 
his factor ytO) or l/(u(()). The delta function 
in equation 0) eliminates the elastic 
peak in the scattering. 

The function G'l ( w) is an even function and 
we define its Fourier integral cosine trans- 
forms as 


lM/) = 2 


f(w)cos(i)t , 
2a) sinh ( w/(a( ?))“"’ 




The Fourier transform of the n multiple 
Faltung- integral(4] for Cn(w) is then a> " 
(/). The transform of the «th term in the sum 
of equation (I) is then (mw(x)/(Mw(/)))'7n!. 
Recognizing these terms as the terms m the 
expansion of exp (mw(x)/(Afoj(0)). and using 
the fact that formally the transform of a sum 
is the sum of the transforms of each term, we 
write for equation (1) 


{b '■‘do-jnc/dfldw— 8(ft))) 

= 7r-'(l +W<ao)’'*exp 


X 


j 0 


exp 


mw(x) 



cos (lit d/. 


( 6 ) 


Equation (6) expresses the double differen- 
tial cross section for a particular frequency 
change and scattering angle as a Fourier 
integral cosine transform. Given /(w) the 
scattering can be evaluated readily using 
equations (5) and (6). 

The integrand in equation (6) can be solved 
for by inversion of the frequency dependent 
factors if ojfx) is invarient with frequency 
within the range for which the double differen- 
tial cross-section is non vanishing. co(x) can 
be kept constant if the scattering angle is 
varied with w according to equation (7). 

cos2ff= [(w -£a(x))/(2&>i,)+ I]/(I -F w/o),,)’'*. 

(7) 

The angle for elastic scattering is given by 
cos2e,.iH„i( = l-w(x)/(2(o„). Equation (7) 
is plotted in Fig. 1 for various choices of 
ai(x)/w(i between 2 - V3 and 4-0. The choices 
correspond to elastic scattering angles of 30. 
60, 90, 120 and 180 deg. For example with 
w(x)/(wii = 4 0 the change in circular frequen- 
cy upon scattering can range from zero to 
eight times the incident frequency. By 
proper choice of wix) and &>„ a range in w 
can be selected within which the scattering 
essentially vanishes, and for each value of 
to in the range there is an appropriate detector 
angle determined by equation (7). 

Denoting the Fourier integral cosine trans- 
form of the frequency dependent factor in 
equation (6) as 

^<') = exp^^J (^-^dtr,„,/dada>-S(w)) 

X (1 -bw/wo)"''* exp (w/<i>(T)) cosw/dw, 

( 8 ) 


the distributions of eigenstates is found by 
Fourier inversion, or 
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Fig. I. Loci of detector angles. 26 , vs. (top) and cu/wu (bottom) 
which maintain Mx) constant. The choices of wlxl/wo elastic 
scattering at 30, (>0, 90, 1 20 and 1 80 deg. 


order phonon processes, and /«(«)) -/(to) 
integrated over w gives a numerical estimate 
of the multiphonon contribution in the one 
(9) phonon approximation, equation ( 1 0). 


X In(T’(f)+ Dcosujf df. 

J 0 

Equation (9) allows the direct determination 
of the phonon eigenstates from the scattering. 

Consider that the scattering has been 
measured with w{x) fixed according to equa- 
tion (7). If one were to assume that the linear 
term in the expansion of the exponential in 
equation (6) is adequate, (one phonon 
approximation) the frequency distribution, 
/m(<o), derived from the scattering is 

/m(w) = sinh 1 + w/wo)“''^ 

mm.X) 

X (/?-Mcr,Jdnd6i-6(a))). (10) 

The frequency /m(w) contains all the higher 


2. DISCUSSION 

To illustrate the method consider the 
density of phonon eigenstates of vanadium 
pictured in Fig, 2. Colella and Batterman[l] 
computed this distribution from seven 
neighbor atomic force constants derived 
from thermal diffuse scattering of X-rays at 
300°K. The frequency is in units of 10'- 
rad. sec"', and the distribution is in reciprocal 
units. The distribution has a well defined 
maximum frequency of 47'8x 10'" rad. sec"'. 
Assuming that the only influence of tempera- 
ture is the change in the mean occupation 
number of the phonon states, equation (6) 
was used to calculate the ' scattering from 
vanadium at 300, 1000 and 2000°K in Fig. 3. 
The values a)o = 25-0 and w(x) = 7.'i 0 in 
units of 10'" rad. sec"' were chosen corres- 
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I If! 2 The disiiihiKioii, /(<ul, (it phonan eigenstates in 
viiiiadiiim t he iihscissti is in units of lO'-rad. see"', 
and Ihe oidiiiate in reciprocal units. 


ponding to the locus w(x)/ojo = 3'0 m Fig. I. 
I'hcsc choices correspond to an incident 
neutron energy of 0 0165 eV or a wavelength 
of 2-24 A and a scattering vector of 4-86 A“'. 
In Fig. 3 the ordinate is in units of (H)'^ 
slerad. rad. sec and the changes in scale 
should he noted. The high frequency tails 
extending beyond the maximum crystal 
frequency arc due to the higher order phonon 
processes. These tails increa.se in magnitude 
and extent as the temperature is raised. When 
equations (8) and (0) are used the frequency 
distribution, /(w). in Fig. 2 is recovered. If 
one were to treat these scattering data in the 
one phonon approximation, equation (10), 
then the phonon distribution, of Fig. 4 
is found. The correct frequency distribution is 
readily observable, but the contributions of 
the higher phonon processes are appreciable 
and contain structure. The multiphonon 
contributions in fuio)) are 16-6, 63-5 and 165 


per cent of the correct distribution at 300, 
1000 and 2000°K respectively. 

While the method offers attractive features, 
pre.sent technology presents serious obstacles 
to the direct recovery of /(w) by application 
of equations (8) and (9), The incoherent 
scattering in Fig. 3 is extremely small, result- 
ing in serious problems of statistical accuracy 
and resolution. Recently Page [5] collected 
scattering data at some 23 scattering angles 
using time of flight techniques, but was forced 
to combine data for groups of detector angles 
to improve his statistics. Page was careful to 
make allowance for multiphonon contribu- 
tions, but was still left with a high energy tail, 
which could not be properly accounted for 
by any single one of the four possible sources 
he considered. He concluded, ‘that no single 
process can account for all of the tail; if the 
tail is an experimental effect it must be an 
unusual aggregate of several small factors’. 
Frequency distributions calculated from 
dispersion relations (obtained either with X- 
rays or neutrons) assume that the eigenstates 
of the crystal are those of harmonic oscilla- 
tors and do not predict a high energy tail. It 
would be interesting to design an experiment 
to take full advantage of this exact method of 
correcting for multiphonon effects. Failure 
of such an experiment to remove the high 
energy tail might lead to a more serious 
scrutiny of the applicability of the harmonic 
approximation. Such an experiment is difficult, 
since the neutron energies used in this exam- 
ple require chopper speeds near the mechani- 
cal limit of present choppers. Electronically 
chopped beams employing magnetic mono- 
chromators may increase the useful range of 
time of flight techniques [6]. It should be noted 
that the wavelengths implied by this example 
are quite suitable for using crystal monochro- 
mators such as pyrolytic graphite [7] com- 
bined with velocity selectors to eliminate 
harmonics passed by the monochromators. 
In any case, equation (6) is useful in calcula- 
ting the exact scattering including all multi- 
phonon processes. 
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ELECTRONIC STRUCTURE OF /3'-NiAl 

Y. YAMAGUCHI», T. AOKI and J. O. BRITTAIN 
Department of Materials Science, Northwestern University, Evanston, III 62201, USA. 

(Pet eived2S July m revised form 14 November l%9) 

Abstract-The electrical resistivity, Hall efTect, and magnetoresistance of/3'-phase NiAl 14.'' ~ 60at% 
Ni, CsCl-type structure) have been measured on about ten specimens of different compositions. A 
resistance minimum and negative magnetoresistance were found in these materials, 1 hcse arc the first 
extensive observations of such phenomena in the nol-dilute. and nol-semiconducting intermetallic 
compounds. A qualitative discussion for the influence of the defect structure on the electrical resis- 
tivity, resistance minimum, negative magnetoresislance, and the optical properties is developed. 


I, INTRODUCTION 

The INTERMETALLIC coiTipound NiAl has a 
/3'-phase (45 ~ 60at%Ni) B2 structure (iso- 
typic with CsCI) and is a § electron compound. 
Bradley andTaylor[l] pointed out the peculiar 
behavior of the lattice parameter and the 
density vs. the composition from which the 
defect structure was deduced; that is, vacan- 
cies at Ni sites in the composition range of 
45 ~ 49at% Ni and substitutional Ni atoms 
at Al sites in the Ni rich region. Cooper’s work 
[ 2 ] indicates that the defect state in the com- 
positional range of ~ 49 to 50 at% Ni is sub- 
stitutional Al atoms at Ni sites. The striking 
color change associated with the variation of 
composition was also pointed out by Bradley 
and Taylor[l]. Therefore the normal reflec- 
tance of -NiAl was measured by Sanbongi 
el a/.[ 3 ] and more extensive optical studies 
were done by Rechlien et a/.[4] N.M.R. 
studies were reported by Miyatani el a/.(5], 
Seitchik and Walmsley[ 6 J and West [7]. The 
Knight shift of Al in j 3 '-NiAI is positive and 
small (- 0'055 ~ 0-058 per cent), and inde- 
pendent of composition. No change of the 
Knight shift between room temperature and 
liquid N 2 temperature was observed. It was 


‘Present address: Department of Applied Physics, 
University ofTokyo.Tokyo, Japan. 


concluded from NMR studies that i-character 
at Al nucleus site in / 3 '-NiAI is much smaller 
than that of Al atom in pure Al. The electronic 
specific heat [ 6 , 8 ] and the magnetic suscepti- 
bility 17, 9, 10] were studied on several alloys 
of different compositions in a limited tempera- 
ture region, j3'-NiAl is considered nonmag- 
netic (x = l-4x 10’’c’.i?.j7g) at room tem- 
perature and remains non-ferromagnetic at 

In contrast with the development of modern 
techniques utilizing quantum effects for high 
purity specimens, the electronic structure and 
properties of alloyslll], especially those 
which contain transitional elements, have not 
been the object of intensive study. However, 
there is a merit in investigating the properties 
of alloys in which the electron density is 
easily varied via chemical composition. Due 
to defects in these alloys the physical purity 
is far from the quantum condition w^t > I 
(ti>r= cyclotron frequency. T= relaxation lime). 
In the case of stoichiometric /S' -NiAl. 01^7 is 
estimated to be 2-8 x 10'^ H (H is in Oersted) 
at4-2‘’K. 

In the present paper the ordinary transport 
phenomena, electrical resistivity. Hall effect, 
and magnetoresistance will be described in 
detail. The electronic structure of B' -NiAl will 
be discussed based on the transport pheno- 
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mena, optical properties and the band cal- 
culation by Adachi et a/.[12J. 

2. EXPERIMENTAL 

The alloys used in this study were made by 
melting in a NRC unit under a partial pressure 
of He using recrystallized alumina crucibles 
and a cold copper mold. Later, an arc melting 
furnace was used to prepare alloys. Some 
efforts were made to produce single crystals 
via the Bridgman technique [4]. The difference 
between nominal compositions and chemically 
analyzed compositions when the NRC melt- 
ing apparatus was employed can be found in 
Ref. |4J. The Al was 99-99.'5 wt.% and the de- 
curburized Ni was better than 99 % wt.%. Fe 
was the only transitional impurity found 
(s 0-(K)9 wt.%) in the alloys. 

Prior to machining specimens the ingots 
were well annealed at I2()()°C for about 20 hr 
under a reduced argon pressure. Some speci- 
mens were annealed again at 500°C for 10 
hr in quartz ampules under vacuum after 
machining. 

I he specimens for electrical resistivity 
measurements and for Hall effect and mag- 
nctoresistance measurements were cut from 
ingots and planed by a servomet spark 
machine and finished by mechanical polishing. 
The former's dimensions are ~lx 1-5x12 
mm^and the latter's -0-16 x 1-3 X lOmm^ 

I he electrical leads were spot-welded using 
the thin platinum wire. Some specimens of 
low Ni compositions were so brittle that 
soldering was employed to attach leads. In 
that case the ends were electroless plated 
prior to the soldering. Since the Hall voltage 
was estimated to be lO'^^V, the measure- 
ments were made via the three probes method 
[13]. 

Electrical resistivity was measured by a 
Leeds and Northrup /f-3 potentiometer. A 
calibrated germanium thermometer and a Cu- 
constantan thermocouple were used for 
temperature measurements. The Hall and 
magnetoresistance measurements utilized a 
Keithiey-147 nanovolt null detector, a 


Keithley-260 nanovolt source and an X-Y 
recorder. The data were plotted point by point 
on an X-Y recorder at each magnetic field up 
to 32 kOe. The primary current direction was 
inverted for the electrical resistivity measure- 
ments. For the Hall and magnetoresistance 
measurements, both the primary current and 
the magnetic field were inverted to avoid 
some spurious effects. 

3. RESULTS 

(a) Electrical resistivity 

Figure 1 shows the compositional depen- 
dence of the electrical resistivity at 297, 77 
and 4-2°K. The open and crossed data points 
repre.sent results on specimens annealed at 
I200“C prior to machining. The solid data 
points represent results on specimens that 
were given a second anneal of 3 hr at 500°C in 
vacuo after mechanical polishing. 

It has been generally accepted(2,I4] that 
the formation of vacancies in Ni-poor region 
results from the high stability of 3 conduction 
electrons per unit cell configuration which is 
preserved by maintaining just one Al atom in 
each unit ceil. The conduction electron density 
as a function of the compositional is calculated 
based on the Hume-Rothery model, where 
lattice parameters by Cooperl2] and Bradley 
andTaylor|l] and the number of Al atoms in a 
unit cell are used. The result is shown in Fig. 
2. As there is some question about the con- 
centration of A I substitutional atoms in the 
low Ni region, two branches are drawn in the 
figure. Although the number of conduction 
electrons per unit cell is constant in the low 
Ni region, the conduction electron density 
(cm ■') is not constant, due to the change of 
lattice parameters. 

In order to examine the relaxation time 
effect explicitly the residual resistance ration 
(= — R.R.R.) is plotted in Fig. 3, 

where open and solid circles indicate the same 
as before. The values of R.R.R. of this mater- 
ial are so small that modern techniques to 
attack the electronic structure by studying os- 
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Kis 3 The residual rcshtance riUio ( ‘ W /f,/< ) as alunc- 
lion of ihe composition The nieanind of open and solid 
circles is the same as I ig. 1. t he solid lino is obtained 
from the solid lines m fig, I 

cillutory behaviors seems impossible. Only 
.W-I,iat% Ni specimen is a single crystal and 
its R.R.H. increased from 4 2 to .“i through the 
annealing process in the final shape. The low 
R.R.R. is thought to be a result of lattice 
defects in /S'-Ni Al and the inability to produce 
a stoichiometric jS'-NiAl compound. The 
temperature dependent part of the electrical 
resistivity, 

p(T) — p2iirK~ pA-r-h (I) 

is plotted as a function of composition in Fig. 
4. It should be noted p(T) is fairly constant in 
two regions of 45 ~ 49 at% Ni and 52 ~ 60 
al% Ni. The correspondence of Fig. 1 and 


Fig. 4 suggests the formation of clusters of 
vacancies in /8'-NiAI alloys with less than 
~ 49 at% Ni and clusters of substitutional 
atoms in alloys with greater than ~ 52 at% Ni. 
The hypothesis of the point defect clustering 
is also supported by evidence from x-ray dif- 
fraction studies of ordering in j8'-NiAl[15], 
and also by NMR studies in jS'-NiAl and /S'- 
CoAl[7J. 

Measurements of the temperature depen- 
dence of the electrical resistivity revealed a 
composilionally dependent resistance mini- 
mum phenomenon, Fig. 5. While resistance 
minimum has been reported in dilute alloys 
and semiconducting compounds, this appears 
to be the first detailed investigation of the 
phenomenon in a non-semiconducting inter- 
metallic compound. 

(b) Hail effect 

Nine specimens of different compositions in 
/3'-pha.sc were utilized in measuring the Flail 
coefficients {R„ = F„/W) at room temperature 
and 4-2°K. The transverse Hall voltage. F,/, is 
defined* in this paper as follows: 

V„=l|V(H,I)-V(-H.I) + (-H,-l) 

-V(H,-I)] (2) 

and combines four readings of the primary 
current 1. Since variations in the primary 
current from OT to ] -5A produced no change 
in the observed Hall coefficient, the magnitude 
of the primary current was varied in this range 
in order to produce about 1 pW in V„ at 
30kOe. I'he gain of the Keithley-147 nano- 
volt null detector and the X-Y recorder were 
adjusted for I pW to correspond to 50 mm. 
The experimental error is estimated =±6x 
10 “ V in measuring 

Figure 6 shows the Hall coefficients, R„, as 
a function of magnetic field at 297 and 4'2°K. 


‘This IS a conventional method to obtain the Hall 
coefficient But the Ettingshausen effect cannot be 
separated from the Hall effect. See, for example, IJND- 
BERGO .Proc. IREM), 1414(1952). 
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Fig. 4, The lempcratiire depenjcnt part of the elccirital reMstivily as 
obtained p ( f ) = p,,,- y-p, ty 


First, it is noteworthy that R,i is positive in 
the composition range less than 58at% Ni at 
both 297 and 4'2°K. Secondly, the absolute 
magnitude of Rn is larger at 297°K than at 
4'2°K. Ignoring the magnetic field depen- 
dence. the mean values of Rn are plotted as a 
function of composition in Fig. 7, where the 
vertical line through the data points indicates 
the variation of R,i for the various magnetic 
fields. 

(c) Maf’netorexistance 
The transverse magneloresistance, (Ap/ 
Po)„ = [(p(W) -p(0))/p(0)]„. of eight speci- 
mens was measured between 4 2 and FS'K in 
magnetic fields from ~5 to 32 kOe. Two 
kinds of behavior were observed: in the first, a 
reversal of sign from positive to negative 
occurred between 3 ~ 2°K, while the second 
always had a negative magnetoresistance in 
this temperature range, The absolute magni- 
tude is relatively small, of the order of 10'-'-- 
10^3 30kOe, The typical temperature 
dependences are shown in Figs, 8 and 9. 
where the latter is plotted on a log-log scale. 
Figure 8 shows that (Ap/pohr saturated at 


lower temperatures and higher magnetic 
fields. Similar behavior was observed in 
another specimen (SO’^at^ Ni) which also 
shows the sign reversal. The quadratic de- 
pendence of the magnetoresistance on the 
magnetic field, which is expected at low fields 
from the well known transport theory and 
Yoshida theory! 16] in the ca.se of negative 
sign, does not seem to hold in/3'-NiAl(Fig. 9), 
although there may be some experimental 
inaccuracy, especially at lower fields where 
the magnitude of the magnetoresistance is 
very small. These experimental results sug- 
gest that the transport properties of ^'-NiAl 
are similar to those of dilute magnetic alloys 
[16], e.g. Cu-Mn, and degenerate semi- 
conductors [17], If the negative magneto- 
resistance described above originated from 
something like localized magnetic moments 
through the s-tl exchange interaction, we 
might reasonably expect the same order of the 
longitudinal magnetoresistance. Therefore the 
longitudinal magnetoresistance was measured 
on three specimens, 47-6„ SO-?.,, and 51-9^ at% 
Ni. The magnitude and temperature depen- 
dence of the longitudinal and transverse 
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magnetorcsistance were similar for these 
three alloys. (Compare Figs. 9 and 10 for the 
50'75 at% Ni alloy). Table I is a summary of 
the magnetoresistance measurements of all 
specimens. 


4. DlSCtSStON 
(a) Electrical resistivity 
The positive Hall coefficient and its com- 
position dependence suggest a two-carrier 
model in j3'-NiAl. The electrical resistivity , p. 





ELECTRONIC STRUCTURE OF /3 -NiAI 


1333 



H {KOe) 

f ig. y Transverse magnctorcsisiance of .“iOTs at% Ni 
(log-log plot). 


is therefore expressed as 

1 _ 

^ (T O-f+O-;, 

^ ^ n^ehh V' 

V mH: ) 


(3) 

(4) 


where suffixes e and h mean electrons and 
holes respectively. The contribution of the 
holes to the resistivity will depend on the 
topology of the Fermi surface. Since the defect 
concentration in y3' -NiAl is high, the electrical 
resistivity should be determined mostly by the 
defects. If we replot the electrical resistivity 
as a function of concentration of substitutional 
atoms or of vacancies, we can obtain the 
resistivity increment per unit substitutional, 
atom or vacancy (in the unit of at%). Assum- 
ing that the resistivity data can be expressed in 
terms of a linear function with respect to the 
defect concentration, we have drawn the four 
straighi lines shown in Fig. 1 and calculated 
the resistivity change due to the reported 
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Fig. to. Longitudinal magnetoresistance of .SOT, al% Ni. 
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theoriesl]8.l9] developed to explain the 
increase in resistivity in a metal or dilute alloy 
due to an arbitrary distribution of point imper- 
fections and to the lattice strain around them 
lead to a resistivity change/at% defect that is 
more than an order of magnitude too small for 
the observed resistivity changes in/S'-NiAI for 
small deviations in stoichiometry. It should be 
noted that the resistivity change inj8'-NiAI for 
large deviations in stoichiometry was much 
smaller and of the same magnitude as that 
observed in dilute alloys. This suggests a 
drastic decrease of the scattering of the 
carriers due to the clustering of point defects. 

Let us now turn our attention to the resis- 
tance minima observed in Fig. 6. In the case 
of dilute magnetic alloys Kondo[20] pro- 
posed a theory which explained resistance 
minimum phenomena fairly well. By Rondo's 
theory the electrical resistivity is expressed 


l•6;r^l•cm/atrr(297"R) 

d/V,, 

4.5 - 49'5at%Ni 
-24l/xll'cm/al%(4'2”K). 

The resistivity contribution due to isolated 
point imperfections, aggregates of point 
defects, and the lattice strain associated with 
the defects have been investigated by many 
individuals. Although the problem has not 
been solved satisfactorily either experi- 
mentally or theoretically, it is generally 
accepted that the scattering effects due to 
point defects are additive in the low concen- 
trations. In the case of ^'-NiAl we consider 
isolated vacancies or antistructure defects 
will contribute to the re.sislivity in an additive 
fashion in the range of 49-5 ~ 52 at% Ni. But 
as the defect concentration increases com- 
plexes or clusters will form and the conduction 
carriers will be scattered by the complexes as 
well as the isolated point defects. Two knees 
at 49-5 and 52 at% Ni in Fig. 1 are explained 
by this idea and supported by X-ray dif- 
fraction [15] and NMR studies [7], The 


p = aT'’+ cpD-cp, log T (5) 

where the first and second terms are the lattice 
contribution and the residual resistivity, 
respectively, and the third term is due to the 
s-d exchange interaction. Here c is the con- 
centration of magnetic impurity atoms. From 
equation (5), the temperature T„ at which 
the minimum occurs, and the depth of the 
minimum are given by 



and 

Pv-0-Pm,h=Pit|log^-^j-i . (7) 

In jg'-NiAl we have to examine whether any 
localized magnetic moment exists. Hdhl(9] 
suggested from the magnetic susceptibility 
measurement (82-“ 870°K, for 49-9 at% Ni) 
that a small fraction (< 1 per cent) of Ni atoms 
had unfilled d-shells at lower temperatures. As 
the temperature goes up, the number of 
(/-holes increases and the decrease of the sus- 
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ceptibility which obeys the Curie law is 
cancelled out so that the measured suscepti- 
bility is not particularly temperature-sensitive. 
On the other hand. West [7], Seitchik and 
Walmsiey [6], and Miyatani et a/.[5] concluded 
that the 3d-band of )3'-NiAl is completely 
filled. If we consider the substitutional Ni 
atoms in the non-stoichiometric alloys having 
a magnetic moment other than that in the 
ordered NiAl matrix, we would have higher 
at higher Ni compositions. This is incon- 
sistent with the experimental results as seen 
in Fig. 5, Fig. 1 1(a) and Table 1. The assump- 
tion that vacancies would create some mag- 
netic moments in -NiAl is also denied by the 
same reason. Therefore, the only possibility 
of the existence of localized magnetic mo- 
ments is due to some unknown magnetic 
impurities. Figures 11(a) and (b) shows the 
composition dependence of and {p(2°K) 
-p(F„,„)}/p(2°K)X 100(%). Tmin decreases as 
Ni concentration increases and the latter looks 
like the shape of R.R.R. (Fig. 3). The resisti- 
vity data was al.so replotted against log T in 
order to determine whether the temperature 
dependence of the resistivity of /3'-NiAl was 
logarithmic at low temperatures. It was found 
that the resistivity was not simply propor- 
tional to log T but exhibited a tendency to 
saturate at very low temperatures. A similar 
observation has been observed in p’-CoA] 


[23,24] and in p'-CoGa, and NiGa[24]. 
Therefore the behavior depicted seems to 
reflect the intrinsic electronic structure 
rather than some foreign impurities. 

Only two specimens, 51 and 5&1, at% Ni 
show the resistance maximum also. A clear 
explanation is not easy at this stage. 

The explanation of the above observation 
may lie in localized spin fluctuations [21] 
which predicts a weak resistance minimum 
and a low temperature logarithmic depen- 
dence. If it is found that there is a critical 
concentration near the stoichiometric com- 
position at which the impurity states approach 
the magnetic limit in our system, the localized 
spin fluctuation model may be accepted. How- 
ever. at this time there is no data concerning 
such magnetic states. 

(b) Hall effect 

Some of the specimens have magnetic- 
field-dependent Hall coefficients. By the stan- 
dard transport theory the Hall coefficient for a 
two-band model is expressed as [22] 

R„ 

_ -neene^ + nnen^^+ (-n^e-h 
{-n^fir+ (- npC-f- n^e) 

( 8 ) 

where /x is the mobility of the electrons or 


Table I . Characteristics of the specimens. The blank means no meas- 
urements were done about the quantity concerned 


Sample 

No. 

Composition 

(at%Ni) 

("K) 

l'‘K) 

m 

VP»/lr 

4-2”K 1-8°K 

0, 

nCK) 

4 

47-A,, 

20 

No 

+ 

_ 


5 

497., 

13-5 

No 



- 1 

18 

50 l« 

15 

No 

+ - 



7 

50 75 



- 

- 

|.| ... 1-6 

3 

50-9, 

14 

No 




14 

51 '9, 

14 

5 

- - 

- 


17 

540, 

10-5 

No 

_ _ 


11 ' 1-9 

to 

56 7, 

10 

4 




It 

580, 

6-5 

No 

- - 


17 

13 

60-2, 



— ~ 


1 ~ 1-5 


$. 
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at % Ni 

Fiji. ) I, The composition dependence of Tmm (a), and {p(2“K)- 
io<T„ J)W:°K)X I00(%)(b). 

holes. In the weak field limit the well known to be a weak magnetic field according to the 
formula estimation of a>rT(= l/c^H). Therefore, we 

^ - n,^n‘- should expect a constant /?/, in the magnetic 

“ ^ (o-p-Fo-ft)^ field range investigated because ^'-NiAl is 

non-magnetic. At 4-2°K the 501sat% Ni 
is obtained. For /3'-NiAl 30 kOe is considered (single crystal specimen) had a smaller /?» 
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in the lower fields. This field dependence 
differs from the usual two carrier effect, for 
example, in p-Ge[25]. It is also different from 
the behavior of ferromagnetic materials [26]. 
From a log-log plot, we know the Hall voltage 
varies as W'® up to 15 kOe and as H above it 
(Fig. 12). Such a field dependence of the Hall 
voltage is hard to explain because there is 
little possibility that the structure of the Fermi 
surface would be affected by some quantum 
mechanical effects. 



Fig, 12 Hall voltage tor .SO Ual% Ni specimen as a func- 
tion of the magnetic field at 4'2“K. 


We only notice here the average value of 
Rjf as a function of composition. The com- 
position dependence of Ri, in )3'-NiAl has 
characteristics similar to those of/3-CuZn[27]. 
where compensation occurs and 1^,/| {Rh = 
— 0-6x 10 -’cclQ) becomes smaller than that 
of Cu (/?„ = — 5-2 X 10 ’cc/^) due to hole 
pockets at the corners of the first and second 
zones. From Fig. 7 and equation (9) it is 
concluded 



in the range of 46 - 58at% Ni. It is reason- 
ably supposed that the number of electrons is 
larger than that of holes. Therefore the hole 


mobility is larger than the electron mobility in 
order to satisfy equation (10). However, it is 
impossible to separate the behavior of the 
electrons and holes without having four inde- 
pendent equations of n^, n,„ /x,., and ju,/,. 

Let us consider the Fermi surface by the 
single OPW method. Figure 13 shows the 
Brillouin zone and symmetry points for /3'- 
NiAl. At stoichiometry the lattice constant [2] 



Fig. 13 Simple cubic Bnllouin zone for /F-NiAl and 
symmetry points. 


(I = 2'885 X 10'" cm and the Fermi vector k,- is 


/3 \'« /3 3\‘''^ 1 

= 2-462 X 10’ cm ' (ID 


where the assumption that the conduction 
electron density is determined by three 
electrons per one Al atom, is made. On the 
other hand the diagonal length of the first 
Brillouin zone, I'lVf , is 

VM = ()-070) 2-451 X lO’em '. 

a u 

( 12 ) 

This situation is illustrated in Fig. 14. The 
Fermi surface is associated not only with the 
first zone but also with the second, third and 
fourth zone. However, if we would take many 
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YMZ PLANE 



XYMR PLANE 


14 ^crml surface hy the single OPW and Brilloiiin zones for (a) VMK 
plane and ( h I .If I MK plane. 


OPW's, the third and fourth zone would not 

be related with the Kermi surface. 

In the single OFW approximation, kf — I'M 
will be satisfied if 2 %2 electrons per Al atom 
are supplied. As the Ni content increases, the 
Kermi surface shrinks and ky becomes 2-300 
X 10^ cm^' compared with KM = 2-467 x 10^ 
cm“‘ at 60 at% Ni. In the alloys of the higher 
Ni concentration a hole surface resulted from 
the corners at point M in the first zone and 
this will contribute to the conduction process. 
The experimental results, on the other hand, 
suggest that the hole contribution becomes 
less at higher Ni concentrations. This apparent 


inconsistency is rationalized by assuming the 
appropriate curvature of the band (= large 
effective mass) near point M. 

In the alloys of the lower Ni concentration, 
the Fermi surface expands; for example, ky - 
^94 X 10^ cm rw = 2-467 x 10’ cm and 
r/? = 3-022 X I0’cm“‘ at 45 at% Ni. The hole 
surface will be near point R only in the first 
zone and becomes smaller in the second zone. 
On the other hand the electron contribution 
increases. Therefore, we should expect Ru to 
be dominated by electrons in this composition 
range. 

Adachi, Katayama, and Hirone[12] have 
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calculated the energy band structure of CsCl 
type NiAl, CoAl and FeAl alloys by the 
Wigner-Seitz method. They assumed Cu+ 
Kartree potential and AF+ Hartree potential 
for Ni and A1 respectively. The defect struc- 
tures of NiAl and CoAl were neglected. The 
curves of E vs. k are shown in Fig. 1 5. The 
hole surface at point R is consistent with the 
aforementioned crude approximation by the 
single OPW. The energy band model of /3'- 
NiAl suggests the existence of two kinds of 
holes with different effective mass. At higher 
Ni concentrations point M also becomes a 
hole surface as indicated in Fig. 15, cal- 
culations by Adachi et al., also suggest that 
the major electron surface is along A'A direc- 
tion. It may be concluded that the energy 
band structure model lends support to electron 
approximation, thus Jones' intcrpretation[28] 
of the Hume-Rothery rule is reasonable. 

ic) M agn e tores is lance 

The experimental ivsulls of the magneto- 
resistance strongly Miggest the existence of 
the s-d exchange type interaction in /S'-NiAI. 
According to Yoshida's theory the negative 
magnetoresistance is proportional to the 
average magnetization due to localized spins. 

-^- = 5'(7')/y (13) 

Pii 

If we plot lim S' ''" vs. temperature, we obtain 

«-(i 

informatioj, about the coupling of localized 
spins. Figuie 16 shows such an analysis of 
.‘'0-57 at% Ni specimens. If a linear relation is 
assumed, different paramagnetic Curie-Weiss 
temperatures, Jj,, arc obtained for the 
different magnetic fields. The lower field gives 
the paramagnetic Curie-Weiss temperature 
because theie is less effect of the normal 
positive magnetoresistance. In Table I values 
of Til for various compositions are listed. 
There is only a small variation in To with 
composition if the experimental errors are 
also considered. 

A recent review by Daybel and Steyert[29] 


has discussed the effects due to small numbers 
of transition element impurities. Since in 
intermetallic compounds as ^'-NiAl it is 
impossible to subtract the phonon contri- 
bution from the measured resistivity, the 
analysis becomes extremely difficult. The 
question of whether localized moments do or 
do not exist has not been resolved with a high 
certainty. The results of NMR and magnetic 
susceptibility measurements [6- 10] suggest a 
probable absence of localized moments. 
However, since there are no thermoelectric 
power measurements at low temperatures, 
this question is not firmly resolved. 

The specimen preparation technique may 
somewhat affect the transport properties, 
especially the magnetoresistance effect. The 
5l-9„at% Ni specimen showed a small 
temperature dependence of the magneto- 
resistance and also had a much larger To 
value than specimens of other compositions, 
This specimen has been found to be consisted 
of only two or three grains, i.e. quasi single 
crystal. 

In a previous paper(30] deviations from the 
stoichiometry seemed to cause an anomalous 
behavior in the electrical resistivity and the 
magnetoresistance. The magnitude of the 
negative magnetoresistance was expected to 
increase as the composition deviates from 
stoichiometry. However, the experimental 
results showed the opposite. If we assume 
that vacancies and/or substitutional atoms of 
Ni have localized magnetic moments, one 
again would expect the magnitude of the 
negative magnetoresistance to increase with 
departure from stoichiometry, contrary to the 
experimental observations. Therefore, the 
negative magnetoresistance in /3'-NiAI is not 
due to its peculiar defect structure. 

As shown in Fig. 9~I0 the field depend- 
ence of the negative magnetoresistance 
deviates from H‘ law at high magnetic fields, 
that is, the normal (positive) component begins 
to dominate at these high fields. We expect 
that the sign reversal may occur at the mag- 
netic fields of the order of 1 0^ Oe at 1 
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Fig. 15. Fnergy band fur j!;'-NiAI by K. Adachi, T. Katayama and T. Hirone (unpublished). The 
Fermi energy, F,. i' lor (he .sitiichiomelry. The defect .structure was neglected for (he calculation 

(the Wigner-Seitz method). 
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Fig. 16. S "• vs. temperature forSOT., at% Ni specimens. 

The resistance minimum and the negative 
magnetoresistance have also been found by 
the present authors in the course of extensive 
studies on the similar /3' -phase intermetallic 
compounds such as CoAl, CoGa and NiGa 
[31]. It is very suggestive that all of these are 
considered to be Hume-Rothery i electron 
compounds and contain .IJ-transitional ele- 
ments. 

Hondo [30] suggested that if there was a 
very small Fermi surface in/3'-NiAI we might 
expect -Ap/po where p,« is Bohr 

magneton. The optical measurements [4] and 
the energy band calculation by Adachi el al. 
[12] are rather negative for this speculation. 

(d) Optical properties 

Optical constants n and k were measured in 
this laboratory between 0-7 and 6eV of the 
photon energy on /a'-NiAl[32] and CoAI. 
CoGa, and NiGa[33]. /3'-NiAl showed three 
or four peaks in the dielectric constants, e, 
and fj, in the energy range studied. On the 
other hand, three other compounds had only 
one or two peaks. Rechtien et a/.[4] have 
examined the optical transitions based on a 


rigid band and the single OPW model. In this 
section we will discuss the interband transi- 
tions taking into consideration the band cal- 
culation by Adachi et al. 

One may expect three different interband 
transitions in metals; (1) the transition which 
is independent of the Fermi surface, that is, 
the transition from lower lying bands to higher 
lying bands, (2) the transition from the Fermi 
surface to higher lying bands, and (3) the 
transition from lower lying bands to the Fermi 
surface. 

Experimentally Rechtien et al. have found 
four peaks (or shoulders), at 1-5 ~ 2 0 (y), 
2-5 (a), 4'0 (/3). and 5-1 (6) eV, in €2 curves. 
Only one of these transitions, 4 0 eV (j8), is 
independent of composition and appeared in 
all four compounds. This is the case (1) which 
is likely to occur at the R point, R, 2 i 2 ) -* 
7?i 5(3), where the interband density of states 
is expected to be large because these are 
symmetry interband points [34], The cal- 
culated energy difference of these levels is 
4-9 eV. The second type of interband transi- 
tion will occur at three positions, F.S. 
R^{2) point (0-14 ~ 2-04 eV)*, F.S. -> 54 ( 1 ) 
(0-14 ~ 4-2 eV)*, and 1,(1) - S,(l) (0 ~ 0-5 
eV)*. The transitions in the nearly parallel 
band that are realized in the last transition 
strongly affects the intraband transitions and 
compounds the difficulty of determining the 
free electron contributions [4]. Case (3) is 
as,sociated with many levels at different 
positions in the Brillouin zone. Three inter- 
band transitions among them are considered 
to be relatively dominant due to nearly parallel 
band effects (general interband points). Along 
the symmetry line RS we expect two such 
transitions of S|(l)-> F.S. (0-34 - I MeV)*^ 
and A,(l). 54 ( 1 ) (4•6~4■9eV)^ 
Another is that of T^-* F.S. (= 31 eV) in 
high Ni composition. One also expects inter- 
band transitions along 2fA, MZ, R\. and MS 
symmetry lines; these transitions cover almost 


•The energy ranges are due to the compo.sitional range 
in the ^'-NiAt phase (i.e. 45 to 60 al9c Ni), 
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all of the energy ranges studied, though the 
tranaition-strength is determined by the 
specific interband density of states. 

Granting the rigid band model and taking 
into account the shift of peaks, the a peak is 
supposed to correspond to the transition of 
F.S. -> A, (2) and F.S. -* The energy 
difference, however, is not exactly equal to the 
observed one. The peak shift of these transi- 
tions with composition are consistent with the 
shift of the Fermi surface. The fi peak, which 
is independent of composition, should cor- 
respond to the transition of /?, 2 ( 2 )-» /?ir,(3). 
The y peak, which is prominent at high Ni 
composition, will be associated with the 
transition of ,S’,(I ) -► F.S. As for the 5 peak, 
the experimental difficulty of determining this 
peak precisely makes it precarious to assign 
transitions at this time. The numerical dis 
crepancies between experimental and cal- 
culated values as seen above are consistent 
with the many assumptions made to solve the 
Schrddingcr equation from the viewpoint of 
the one-electron spectra. 


Figure 17 is the calculated normal reflec- 
tance of several typical colored specimens 
from the optical constants n and k. The blue 
color in low Ni compositions probably comes 
from the a peak. The yellowish color in high 
Ni compositions will be due to the y peak. 
This interpretation suggests that the drastic 
color change with the variation of the com- 
position originates from the interband 
transitions associated with the Fermi surface. 

Finally , the plasma frequency will be shifted 
largely from the simple calculated value due to 
the mixing of the interband transitions even 
below I eV. Therefore, the infrared measure- 
ment is highly desirable to detect the pure free 
electron behavior in /i'-NiAI. 

S. CONCLUDING REMARKS 
No direct measurements on the shape and 
the size of the Fermi surface of /3'-NiAI have 
been made. All the measurements described in 
this paper are indirect approaches to the 
electronic structure of jS'-NiAl, The band 
calculation in such an intermetallic compound 



Fig. 17, Normal reflectance of several typical colored specimens of 
^)'-NiAI. 
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has the eternal problem of deciding the true 
potential in the compound. The Hume- 
Rotherby rule should be applied carefully to 
this material because the transport properties 
are not simple. The anomalous transport 
properties have not been fully explained. The 
existence of the s-d exchange interaction 
mechanism would be ascertained by measur- 
ing the thermoelectric power at low tempera- 
tures. The basic question of whether the 
recently discussed s-d mechanism for dilute- 
alloys is applicable or not, is beyond our 
scope at the present stage. 
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Abstract-The effect of pressure on the lattice parameters, hence ihe molar volume, of the hexagonal 
closc-packcd phase of rhenium (Re) was determined at room temperature up to 350 kbar by means ol 
X-ray diffraction employing a diamond-anvil high-pressure cell. The initial hulk modulus of rhenium 
calculated from the volume data is 3 5(I±0'I5 Mbar. I'he crystallographic axis ratio, clo, is virtually 
independent of pressure, No phase transformation was observed within the pressure range studied. 
The mean coefficients of linear thcimal expansion were determined to be (7 03±0 10) x I0 “°C ' for 
the n-axis and (4 96±0 fl7) x 10 ‘“C ' for the r-axis in a temperature range of I2-428T at a pressure 
of 1 bar by means of the X-ray diffraction method. 


1. INTRODUCTION 

Rhbnium (Re) is a Group 7 element which 
crystallizes in a hexagonal close-packed (hep) 
structure up to its melting temperature. 
3180‘'C. Bridgman[l] investigated the effect 
of pressure on the volume of elemental 
rhenium at room lemperature and discovered 
that rhenium is least compressible of all the 
metals investigated. Kaufman [2] made a 
systematic thermodynamic study of binary 
alloys of various transition elements in- 
cluding rhenium. Assuming ideal solutions 
in the alloy systems of Mo-Re. Nb-Re, and 
Ta-Re, he estimated the difference in the 
Gibbs free energies for the hep and bcc phases 
in rhenium to be -520cal/mole at 3(K)'K and 
the difference in the volumes of these two 
phases to be in a range of 0-()2-0'48 cm'Vmole. 
Kaufman (personal communication) specul- 
ated that the hep rhenium might undergo a 
phase transformation to the b.c.c. phase under 
high pressures somewhere between 4,5 and 
1 100 kbar at room temperature. We. thus, 
undertook a study of rhenium up to 350 kbar 
at room temperature in order to search for 
the phase transformation as well as to re- 
determine the value of bulk modulus by means 
of the X-ray diffraction method utilizing a 
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diamond-anvil high-pressure cell. Further- 
more, the coefficient of thermal expansion 
for rhenium was determined by means of an 
X-ray diffractometer. 

2. EXPERIMENTAL METHOD 

A high-pressure X-ray diffraction camera 
designed by Bassett ei a/.[3] was used in the 
present study. The high pressure cell of this 
camera consists of two J carat gem quality 
diamond anvils driven by a piston screw 
assembly. When a polycrystalline sample is 
compressed between the anvil faces, a maxi- 
mum pressure is produced at the center of 
the sample area. A finely collimated X-ray 
beam (approximately 50 /j. in dia l of filtered 
molybdenum K„ radiation passes through one 
of the anvils and impinges on the central part 
of the sample area where the maximum 
pressure and minimum pressure gradient 
exist thus producing a high resolution diffrac- 
tion pattern. Diffracted rays pass out through 
the other anvil to a curved film having a radius 
of .50 mm and allow ing a maximum dispersion 
of45°in2ff. 

The sample consists of a mixture of 
powdered (submicron size) rhenium metal 
(99 per cent pure or better) and sodium 
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chloride, which serves as an internal pressure 
standard. The resulting X-ray diffraction 
patterns thus consist of the diffraction lines 
for rhenium and for sodium chloride. The 
diffraction lines. (100), (002), (101), (102), 
(1 10), (103), (1 1 2) and (201) for rhenium, and 
the lines (200). (220) and (222) for sodium 
chloride were measured and used for the 
compulation of the lattice parameters. The 
lattice parameters thus calculated are 
estimated to have an accuracy of ±0't5 per 
cent, and the volumes iO-45 per cent. 

The pressures to which the samples were 
subjected were calculated from the hittice 
dimension or molar volume of NaCl. To 
obtain a reliable pressure-volume relation- 
ship for NaCI at room temperature, the 
vibrational formulation of the Hildebrand 
equation was used as shown in detail by 
Weaver et al.|4]. The pressure-volume 
relationship thus calculated is in agreement 
w'ith the experimental data of Bridgman [.^| 
up to 100 kbar within 0-8 per cent in pressure 
for a given volume, On the basis of the 
uncertainties in vtiriotis parameters used for 
the computation, the precision for the 
pressure-volume relationship in NaCI has 
been estimated to be l2-5 per cent. The 
accuracy of the pressure values reported in 
this ptiper has been estimated to be also 
t2 ‘i per cent. 

An X-ray diffractometer (GEXRD-.'s) 
equipped with a heating stage similar to the 
design of Skinner ci n/.(61 was used U> study 
the thermal expansion of rhenium. A sample 
consisting of a mixture of powdered rhenium 
and platinum, the latter of which serves as 
an internal standard, was heated through a 
temperature range of I2-428°C under I bar 
pressure of helium atmosphere. The 20 angles 
for the ( 1 00). (002 ) and (101) ditfraction peaks 
for rhenium and for the ( 1 1 1 ) diffraction peak 
for platinum produced by CuKa radiation 
were measured to within 0'()05°. The tempera- 
ture was measured to ±rc with a chromel- 
alumel thermocouple, which was embedded 
in the powdered sample to eliminate the effect 


of direct radiation from the heating elements. 
The measurements were made at room 
temperature, I2°C. 69°, 254°, 428°, 137° and 
room temperature in that order. The lattice 
parameters measured for heating and cooling 
cycles of the sample were found to be identical. 
This is consistent with the observation made 
by Conway and Losekamp[7J. No evidence 
of phase change or reaction was observed at a 
temperature of 428°C for 2 hr. 

3. EFFECT OF PRES.SURE 
The experimental results arc listed in 
Table I, and also plotted in Figs. I and 2. 
The isothermal bulk modulus at zero pressure. 
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t ij: 1 . I tic olt'cci of prcssiiic on Ihc volume of rheimmi 
up 10 -tsOkti.ir dl loom icmperiiuirc. The solid curve 
imticiilcs ihe Ic.ist ■.quuies 111 of Itie diilu to the two 
p.iiiimclci Uirch-Miiinanhiin et|ualion. and the dashed 
curve uidicalcs ihe least sipiares Hi of the data to the 
Hirch-Muinaghan euualion with f = 0. 

A'l, — — ( (fi/'/rtC) ,, can be calculated by means 
of the least-squares fit of the pressure-volume 
data to the Birch-Murnaghan equation: 

x{I-^[(F„/F)«'-1]}, 

where F is the volume at pressure P, V„ the 
volume at zero pressure, and ^ = ('|)(4- A,,'), 
where is the pressure derivative of K. 
(dA7aP)r, evaluated at F = 0. The values of 
K„ and $ for rhenium thus computed are 
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Table 1. Experimental data for the effect of pressure on the lattice parameters and 
the molar volume of rhenium at 23° ± 2°C 


NaCI Rhenium 


Run No. 

a 

(A) 


P 

(kbar) 

c 

(A) 

a 

(A) 

da 

y 

(cm’/mole) 


IDS 

5-640 

1-000 

0 

4-456 

2-761 

1-614 

8-86 

1-000 

I5UP9 

5-411 

0-883 

40 

4435 


1-610 

8-78 

0-991 

3LDI30 

5-276 

0-819 

78 

4-428 

2-742 

1-615 

8-68 

0-980 

9UP35 

5-258 

0-810 

84 

4-425 

2-739 

1-616 

8-65 

0-976 

LSUP? 

5-227 

0-796 

95 

4-411 

2-739 

1-610 

8-63 

0-974 

I5UP6 

5-210 

0-788 

102 

4-410 

2-734 

1-613 

8-60 

0-971 

I.SUP7 

5-187 

0-778 

no 

4-418 

2-7.34 

1-616 

8-61 

0-972 

9UP26 

5-127 

0-751 

137 

4-390 

2-727 

1-610 

8-51 

0 961 

9UP28 

5-081 

0-731 

161 

4-394 

2 724 

1-613 

8-.50 

0-960 

9UP36 

5-060 

0-722 

170 

4-390 

2-72.3 

1-613 

8 49 

0-958 

9UP30 

5-039 

0-713 

183 

4-385 

2-716 

1 615 

8-43 

0 952 

9UP2V 

5-027 

0-708 

190 

4-378 

2-713 

1-614 

8-40 

0-948 

9UP.3I 

5-020 

0-705 

194 

4-378 

2-71.3 

1-614 

8 40 

0 948 

3LD118 

5-010 

0-701 

200 

4-371 

2 707 

1-614 

8-35 

0-943 

31 D 129 

5-006 

0-6>>9 

202 

4-375 

2-714 

1 612 

8-41 

0-949 

3LD 108 

5-003 

0-698 

204 

4-385 

2-719 

1-613 

8-45 

0-9.54 

3LD 128 

4-976 

0-687 

222 

4-372 

2-709 

1-614 

8-37 

0-944 

3L.DII2 

4-960 

0-680 

232 

4-.360 

2-706 

I-6II 

8-32 

0-940 

31.DII9 

4-9.57 

0-679 

235 

4-3.55 

2-704 

1 611 

8-.30 

0-937 

3LD 113 

4 940 

0-672 

247 

4 363 

2-701 

1-615 

8-30 

0-937 

3LD 114 

4-911 

0-660 

268 

4.3(8) 

2-699 

1-615 

8 29 

0-935 

3LDII.3 

4-906 

0-658 

272 

4-352 

2-699 

1 613 

8-27 

0-933 

3LD 110 

4-886 

0-650 

288 

4-334 

2-693 

1-609 

8 19 

0-925 

3LD 1 16 

4-883 

0-649 

290 

4-.348 

2-695 

1-613 

8-24 

0-930 

31. D 121 

4-873 

0-645 

.300 

4 -.340 

2-689 

1-614 

8-18 

0 924 

3LD 124* 

4-845 

0-634 

324 

4-332 

2-691 

1-610 

8-18 

0-923 

31 D 125' 

4-820 

0-624 

350 

4-331 

2 684 

1-614 

8-14 

0-919 


* High-pressure B2 phase ofNaCi[l4|cxisl. 



KtO* 


Fig. 2. The plot of the linear compressions along the 
(i-axis and the c-axis. The straight line indicates the 
least squares lit; Ao/oo = (0-97 ±0- lOiAc/c,,. 


/(:« = 3-50±O I5Mbar and f = 0'8±10. The 
uncertainty values represent those at a 
30 per cent confidence level. On the other 
hand, if the ^ parameter is assumed to be zero. 
(AC',= 4) of the least-squares fit of the data to 
the Birch-Murnaghan equation yields a value 
of A'„ = 3-36±015 Mbar. In Fig. I. the 
results of these calculational schemes are 
compared, and are barely distinguishable. 

In Fig. 2, the linear compressions along the 
a- and c-crystallographic axes are shown. 
The least-squares fit of the data to a linear 
equation yields a relationship: 

A«/o«= (0-97±0-10)Ar7(„. 
where Ad and Co are the lattice dimensions at 
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zero pressure and room temperature, and Ati 
and Ac are the change in the a and c axes. 
The uncertainty represents one standard 
deviation. This indicates that the axial ratio, 
c/u, is virtually independent of pressure. 

Bridgman 1 1] determined the effect of 
pressure on the volume of rhenium at room 
temperature up to .3(lkbar. and obtained a 
bulk modulus of .V7I Mbar. The precision 
of his volume measurements is presumably 
±3 per cent in AT/K,, or i_0-l Mbar for 
value. If our experimental data for a range of 
O-IIOkbar were fitted to a linear equation 
as done by Bridgman! I) for his data, we obtain 
a A'li value of 3-b9Mbar, which compares 
well with Bridgman’s value. 1 herefore, the 
dilference between Bridgman's value and our 
value, which was calculated by means of the 
Birch-Murnaghan equation, can be attributed 
to the diflerence in the data processing 
methods. 

The adiabatic hulk modulus for a single 
crystal of rhenium was determined to-be 
.T6.3.3 Mbar at 2.''"C by .Shepard and .Smith|81 
by means of the ultrasonic technique. The 
adiabatic bulk modulus, A\. can be related 
lo the isothermal hulk modulus, A'l- by ihe 
equations: 

A',-- (1 I ya,T)f<i and y - (rt,.TA\ >/('„. 

where y is the thermodynamic (iriineisen 
parameter, o,. the volume thermal expansivity. 
7 the temperature, V the molar volume, and 
r„ the specific heat at constant pressure. On 
the basis of the values of the isothermal bulk 
modulus, the volume thermal expansivity, 
and the molar volume determined by the 
present work, the thermodynamic Griineisen 
parameter, y, can be calculated to be 2-.38± 
0•03 for rhenium, where the value of C„. 
6-14cal/mole deg. given by Stull and Sinkel91 
was used. Hence, the adiabatic bulk modulus 
by Shepard and Smith [8] is equivalent to the 
isothermal bulk modulus of .3-587 Mbar. 
Therefore, the result of this work, 3-50 + 
0-15 Mbar, is in agreement with the ultrasonic 


value within the experimental uncertainties. 
If this ultrasonic value is accepted for the 
value, then the corresponding value for Tf' 
can be calculated to be 2-2 ±0-5 by means of 
the least-squares fit of the data to the Birch- 
Murnaghan equation. 

4. EFFECT OF TEMPERATURE 
The efiect of temperature on the lattice 
parameters for rhenium and platinum are 
listed in Table 2 and also plotted in Fig. 3. 
The mean coefficients of linear thermal expan- 
sion were calculated by means of the least- 
squares fit of the experimental data to the 
equation: 

LIU:,= \ +(x{T-25) 

where L is the linear dimension of unit cell 
at temperature TT, L-z^ the linear dimension 
at 25°C. and a the mean coefficient of linear 
thermal expansion. The values thus calculated 
arc 

|7 03±()10) X 10 '"'C-'. along the rr-axis 

O, = (4 % ±0-07) X lO-'T-’, 

along the c-axis for rhenium and 

a„ = (9- 1 7 .t 0- 13) X I ' for platinum. 

On the basis of these values, the mean 
coefficient of the volume thermal expansion 


Table 2. The experimental data jur the lattice 
parameters of rhenium and platinum at 
vurioux temperatures 


/ 

("Cl 

Ke 

Pt 

a/a.e, 

C/Ca 


12 .1 

0 <W>>93 ‘ 

0-99998 

0-99992 

25 

I (XKKK) 

1-00000 

1-00000 

W-.S 

1 -mm 

1 -00025 

I-IXKMI 

H7 0 

1-00091 

1-00054 

1-IX)112 

2.‘>4-n 

1-00181 

I-OOII4 

1-00214 

428-0 

1-00268 

1 -00200 

1-00365 


The uncertainty is estimated to be ±() ()00I0. 
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.IS a function ol Icmpcratiiie between 12 and 428“('. The 
data points obtained by Pawar and Dcshpande(l2| arc* 
indicated by open circles, and our data with solid circles. 

for rhenium can be calculated: 

a,= (I9-()±0'2)X 10 «r-‘. 

The results for platinum which was used as 
an internal standard are in good agreement 
with the data obtained by CampbellflO] as 
shown in Fig, 3. The thermal coefficient 
values for rhenium by various investigators 
are tabulated in Table 3 along with the results 
of this work. It is seen that the volume thermal 
expansion data for these five studies are 
nearly in agreement, whereas the linear 
thermal expansion data of Agte a al.[\l] 
differ substantially from the values of Pawar 
and Deshpande[12] and of ours. A close 
agreement between the values of Pawar and 
Deshpande and ours indicates that the result 
of Agte et al.[\ 1 ] are probably in error. 

5. THE da AXIS RATIO 

The da axis ratio in rhenium is virtually 
independent of volume, when it is compressed 


by 10 per cent of the original volume, The 
mean cla ratio for 27 measurements up to 
3.30kbar is \-6]3 with a standard deviation 
of ±0 002 in the da ratio or OT per cent. 
On the other hand, the da ratio varies with 
temperature; it decreases by OT per cent fora 
volume expansion of 1 per cent (at 500‘’C). 
More quantitatively the effect of pressure and 
temperature can be expres.sed as; 

-0'013 < (d In (da)ld In V)t < 0 013 

(<9ln(r/«)/5 In K)p = -0T09±0'007. 

Thus, the effect of temperature on the da 
axis ratio is at least one order of magnitude 
greater than the effect of pressure. 

The thermal expansivity is a manifestation 
of the anharmonicity in lattice vibrations, 
whereas the compressibility or bulk modulus 
is primarily a manifestation of harmonic 
properties in solids. Thus, it appears that 
the variation in cla ratio depends mainly on 
a difference in anharmonicity in different 
directions in the rhenium structure. 
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Kaufman. Man Labs Inc.. Cambridge. Mass. U.S.A., 
for suggesting a study of rhenium under high pressure, 
and for providing a sample of rhenium. We also thank 
J .Scott Weaver for his assistance in the thermal expan- 
sion measurements and for his critical comments on the 
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INFRARED QUENCHING OF THE LUMINESCENCE 
AND PHOTO-HALL EFFECT OF ZnS:Cu AND 
CdS:Cu CRYSTALS^ 

CHARLEY B. BDRGETTt and CHIIN C. LIN 
Department of Physics, University of Wisconsin. Madison, Wise 53706, U S.A 

(Received 20 Oitoher 1969) 

Abstract -The infrared quenching of the green luminescence of ZnS .C'u and the 1 0-^ luminescence 
of CdS : Cu has been studied. A quenching band at 2-4fi was found for ZnS . Cu in addition to the two 
well-known bands at O-S/t and \-2fi. The new quenching band is identihed as hole transition from 
the e state of to the valence band. The transient stimulation effect produced by the quenching 
radiation can be explained as the transfer of electrons from slow centers to fast centers using the 
unassociated pair model. For CdS.Cu three quenching bands centered around 0-8-0'9. 1 '4, and l-Syi 
have been observed, and they can be ascribed to hole transitions among the two crystal-field slates of 
ru“+ and the valence band. Quenching of photo-Hall effect by radiation of 0-8-0-9 and 1-2- 1 -dp has 
been observed for both ZnStCu and C'dStCu. The reduction of Hall mobility may be interpreted as 
the result of two-earner conduction. For C'dS:(Ti quenching of photoconductivity was also found at 
2-5gt. 


1. INTRODUCTION 

The LUMINESCENCE of ZnS crystals has been 
a subject of interest for over fifty years. 
Although various models have been proposed 
to explain the mechanism of the luminescence, 
only in recent years have serious attempts 
been made to describe the electronic processes 
in terms of the atomic constituents of the 
crystals. The green luminescence has long 
been thought of as transitions to the Cu^* 
impurity centers from electrons in the conduc- 
tion band or from electron traps in shallow 
donor levels[1.2]. Shionoya and his co- 
workers [3, 4, 5] have recently proposed the 
unassociated donor-acceptor pair emission 
mechanism for the green luminescence, i.e. 
transition from a co-activator donor level to 
the copper acceptor level. According to 
crystal field theory, the ground state (3d)* of 
a free Cu^^ ion is split into two levels in a 
tetrahedral crystal lattice and the spacing 
between these two levels is about 5800 cm ' 
in the case of ZnO:Cu(6]. Indeed the recent 

‘Supported by the U.S. Office of Naval Re.scarch, 

tPresent address- Texas Instruments Incorporated. 
Dallas, Texas 75222, U.S. A. 


work of Broser. Maier. and Schulz[7] has 
established that the i.r. luminescence near 
1-5^4 and absorption at l-B^ are due to the 
transitions between the two crystal-field levels 
of the Cu^^ ion. Although the hole in Cu-‘ is 
normally located in the upper level which is 
responsible for the green luminescence, the 
presence of a lower level of the Cu*^* center 
suggests the possibility of optical quenching 
effects other than the 0-8;i band[l,8,9] and 
the strong correlation between the green and 
the i.r. luminescence. In this paper we shall 
report some studies of quenching of the green 
luminescence of ZnS and CdS crystals with 
special reference to the energy levels of the 
Cu center, I.R. quenching of the photo-Hall 
effect has also been examined in conjunction 
with the luminescence experiments. The 
results of this work have shown that the 
stimulation of the green and i.r. luminescence 
can be explained by Shionoya's unassociated 
model and that the three different i.r. quench- 
ing modes of the green luminescence and of 
the photo-Hall effect and photoconductivity 
can all be attributed to the energy levels of 
the Cu center. 


3.13 
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2 . EXPERIMENT 

The crystal samples were grown by the 
vapor-phase method with Cl as coactivator. 
For the luminescence experiments, an elec- 
tron gun operated at lOkV and 0-l-50fiA 
and modulated at 200 cps was used as the 
primary source of excitation. A photo- 
multiplier was used to detect the visible 
luminescence. The a.c. component (200 cps) 
of the photomultiplier output was amplified 
and phase-detected. For studying the transient 
stimulation, the d.c. output of the photo- 
multiplier was monitored and measured by a 
Keithley electrometer. In the case of i.r. 
emission, a PbS detector was used. A 75W 
tungsten-halogen lamp with quartz bulb 
supplied the secondary radiation for quench- 
ing and stimulation. Selection of the quench- 
ing radiation and of the luminescence bands 
wa.s accomplished by means of thin-film 
dielectric interference filters. In order to 
produce a constant flux of quenching (or 
exciting) radiation as a function of frequency, 
the intensity of the monochromatic beam was 
normalized by the use of neutral density 
filters. 

For mobility measurements, the Hall 
voltage was generated and modulated at a 
frequency of 2 cps by a rotating permanent 
magnet of .“iOOOC). For ZnS crystals the 
contact leads were made by melted indium 
baked at about liOOT in HjflO], whereas 
pressed or melted indium contacts were 
satisfactory for CdS. Because of the high 
sample resistance, the Hall voltage was 
monitored .by an electrometer with lO^fl 
input resistance, acting as a unity-gain 
impedance-matching device. It transformed 
the Hall voltage to a low impedance signal 
which was then fed to the amplifier and phase 
detection system. Two light beams, one for 
photo-excitation and one for quenching, were 
directed onto the crystal by means of a quartz 
light pipe, 

3. LUMINESCENCE OF ZnSrCu CRYSTALS 

The vi,sibie part of the luminescence of the 


ZnS crystals used in this work is predomin- 
antly ‘green’ in the wavelength range of 

0- 45-0'55/i, With electron-beam excitation 
alone, luminescence in the i.r. region of 

1- 45-1 TSjii was also observed. The intensity 
of the i.r. luminescence is greatly enhanced 
by doping the crystals with additional amounts 
of copper, followed by annealing. 

(a) Quenching and stimulation of the green 
luminescence 

It is well known that the green luminescence 
of ZnS may be quenched by radiation of 
0-8/u and of l-2ja, and that the quenching 
efficiency of the l-2-/Lt band decreases as the 
temperature, is reduced from 3(X) to77°K[l,8]. 
Our crystals show the same kind of quenching 
behavior. In each of the quenching bands the 
application of i.r. radiation produced a 
transient stimulation of the luminescence 
followed by steady-state quenching. The 
similarity between the quenching and stimula- 
tion behaviors has been previously noted[8.9]. 
While it has been well confirmed that the 
quenching of the green luminescence is due 
to transition of holes from the Cu*+ center to 
the valence band or to an excited state slightly 
above it. the origin of the stimulation effect is 
not as clear, although it has been commonly 
ascribed to release of electrons from traps[ 1,9], 
Using the unassociated pair model proposed 
by Era, Shionoya and WashizawaI4], we can 
ascribe the quenching and stimulation to the 
same mechanism. According to these authors, 
the green luminescence arises from donor- 
acceptor (unassociated) pair emission. Pairs 
with large separation have small transition 
probabilities and act as slow centers whereas 
close pairs have a larger transition probability 
and are faster. When quenching radiation is 
applied, holes are excited from Cu^+ ions to 
the valence band and may be captured by a 
fa.st center. This, in effect, transfers holes 
from the slow centers to the fast ones, giving 
rise to a momentary increase of the lumines- 
cence. The long-term quenching then sets in 
as a result of a drop in the Cu^^ concentration 
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because the holes excited to the valence band 
may also be captured by non-radiative centers. 
Thus both optical stimulation and quenching 
result from the same process of hole transfer 
from the acceptor to the valence band and 
should have the same spectral response. The 
former occurs when the freed holes are 
captured by the fast centers, whereas transfer 
of holes to the non-radiative centers results in 
quenching. In fact, if the crystals are relatively 
free of non-radiative centers, the transient 
stimulation would still occur, but very little 
long-term quenching would be observed. 

(b) Excitation of the i.r. luminescence 
The i.r. emission and absorption at 1 ‘2-i-6/bi 
have been identified by Broser, Maier and 
Schulz [7] as due to transitions between the 
two levels resulting from the crystal-field 
splitting of the ground state of the Cu^+ ion in 
a tetrahedral field. In Fig. I are shown the two 
crystal-field energy levels (e and tj) of a 
<f-electron in tetrahedral symmetry. It has 
been pointed out by several workers that the 
i.r. emission can be excited by radiation of 
0'8/u and of F3/uf8, 9. 1 1]. Both peaks were 
found in our samples. The two peaks in the 
excitation spectrum were ascribed to transi- 
tion of holes from Cu-'^ centers to the valence 
band and to an excited state of the 
centers. Since the low-frequency peak of the 
excitation spectrum occurs at the same 
frequency as the i.r. absorption studied by 



Fig. 1 . The two crystal-field energy levels, and e. of a 
d-electron in the ZnS lattice relative to the valence hand. 
The arrows indicate hole transitions. 


Broser et al., we may identify the hole 
excited state as the lower crystal-field level 
ofCu''^ 

Our samples show an original level of i.r. 
emission under electron beam bombardment 
only. When the exciting radiation is turned 
on, the intensity of the i.r. emission first rises 
sharply and then falls back slowly to a steady- 
state level somewhat higher than the original 
value. The sharp rise of the intensity is due to 
an increase in the number of holes in the 
e level of Cu^^ as produced by exciting 
radiation. The excitation process, however, 
also increases the rale of depletion of the 
ions through transfer of holes to non- 
radiative centers, thus causing a slow decrease 
of the i.r. emission. 

(c) Quenching of green luminescence by 
radiation at 2-3 /J. 

According to the two-level scheme of the 
Cu^^ center as shown in Fig. 1. i.r. radiation 
corresponding to hole transition 3 will remove 
the holes in the e level, and. if there is a 
sufficient degree of thermal excitation of 
holes from t^ to e. may reduce the hole 
population in the tj level and thereby cause 
quenching of the green luminescence. To test 
this point, we have examined the quenching 
spectrum between 2 and 3 ju and found a small 
quenching peak around 2-4/x at room tempera- 
ture and no quenching at 77°K. The results 
are listed in Table I. This quenching peak 

Table 1. Percentage quenching of the 
‘green luminescence of ZnS:Cu and 
CdS.'Cu and of photoconductivity of 
CdS; Cu by i.r. radiation of 2- l-2-9p. 


Wavelength 

ZnS 

Lum. 

CdS 

Lum. 

CdS 

Pholocond. 

2 1 

0 

0 

0 

2-2 

3 

0 

1 

2-3 

9 

6 , 

4 

2-4 

12 

8 

5 

2-5 

11 

12 

7 

2-7 

5 

4 

7 

2-9 

0 

0 

0 
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corresponds well to the energy difference 
between transition 4 (O-S/x) and transition 1 
(1’2-1-3/j.) in Fig. 1. Initial stimulation was 
also observed in association with this quench- 
ing. 

Because both the 2-4-/x and l-l-fi quenching 
of the green luminescence require thermal 
excitation, it should be possible to use a two- 
step optical excitation without the aid of 
thermal activation. We have therefore con- 
ducted a double quenching experiment with 
simultaneous irradiation of 2-3/u and l-2-/i 
wavelength. At 77°K. the use of l'2-/i irradia- 
tion produced a small quenching and no 
quenching was observed with 2-3/j, alone. 
Upon application of both l-2-/a. and 2-3/x 
radiation, the quenching efficiency was 
increased by about one-half of the previous 
values. The results of this experiment support 
the assignment of the 2-4-fi radiation as 
causing hole ejection to the valence band 
from the lower C'u'-'* level. 

The quenching of the green luminescence 
by the 1'2-pt and by the 2-4-/a radiation 
requires a thermal activation energy of 0-5 eV 
and 0'9eV respectively. We can take the 
temperature at which the thermoluminescence 
becomes maximum (called T*). as an indica- 
tion of the temperature region where thermal 
activation is efficient. Using the approximate 
formula which resulted from the theory of 
Randall and Wilkins|l2|, we obtain T* ~ 
2()0°K for an activation energy of 0 5 eV and 
T* ^ 360°K for 0-9 eV activation. This is in 
qualitative agreement with the observation 
that the l'2-/x quenching band decreases in 
efficiency at 77°K whereas the quenching by 
radiation disappears at 77°K. 

4. LUMINESCENCE OF Cd.S:Cu CRYSTALS 
Similar studies of the luminescence behavior 
have been made on CdS. Cu crystals. The 
luminescence which corresponds to the green 
emission of ZnS:Cu occurs at TO/x. but will 
be designated as the green’ band to facilitate 
comparison with the ZnS crystals. We have 
measured the quenching of this ‘green’ band 


by i.r. radiation of various frequencies, The 
experimental data in Fig. 2 show two bands 
centered around 0-8-0-9fx and 1-4^. As in the 
case of ZnS ; Cu. the low-frequency quenching 
peak decreases in efficiency at liquid Nj 
temperature. 



t ig. 2 Pcrccniage quenching of ihe I O-f* liimme.scencc 
of CdS Cu by i.r. radiation of 0'7-l'7^i. No measure- 
ment were made with quenchin}: radiation of 10^ 
because of the difliculty of isolating the quenching 
ludiiilion from the detector. 

The emission spectrum of CdS;Cu at \-7ii 
(corresponding to the l-6-/x band of ZnS:Cu) 
has been studied quite extensively [8. 1.3]. It 
can be excited by 0-8-0-9-^i and T4-T5-M 
radiation. Our samples exhibit the same 
excitation behaviors as those reported in the 
literature. We see that the two excitation 
peaks of T7-;u emission again coincide w'ith 
the two quenching peaks of the ‘green’ 
luminescence. Broser. Maier. and Schulz]?] 
have assigned the l'7-/x emission and the 
F5-/X ab.sorption of CdSiCu to the transition 
between the two crystal-field levels of the 
(3d)'’ slate of CTF’^. Thus we have a com- 
pletely analogous situation to the case of 
ZnS.Cu and the same energy level diagram 
of Fig. 1 applies to CdS : Cu as well. 

This analogy is further evidenced by the 
observation of quenching of the green’ 
luminescence by i.r. radiation at 2-3-2-8;x. 
Percentage quenching at various wavelengths 
may be found in Table 1 . 

5. PHOTO-HALL EFFECT AND 
PHOTOCONDUCTIVITY 

Since the optical quenching of luminescence 
of both ZnS:Cu and CdS:Cu is associated 
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with ejection of holes to the valence band, one 
may expect to observe a change in the Hall 
mobility under i.r. radiation as a result of the 
hole conduction. When both electrons and 
holes are making appreciable contributions to 
electric conduction, the conductivity and Hall 
mobility fiH are related to the concentrations 
n and p and mobilities fj.„ and of the 
electrons and holes as 

o- = pe/i,p+ne/ji„, 

M«= {pp-v-np.n^)l{pp-p + npL„). 

Consider a photoconductor under band-gap 
(primary) photoexcitalion. As the i.r. (second- 
ary) radiation is introduced, the electron 
carrier density decreases markedly [14], 
Although the holes begin to contribute to <t, 
the net result is a quenching of photoconduc- 
tivity. which has been studied extensively [14], 
The situation of the Hall effect is rather 
different, since in the case of one-carrier 
(electron) conduction, the Hall voltage should 
be independent of the carrier density or the 
conductivity provided that p.„ remains 
constant. Bube. McDonald, and Blanc[151 
have found that for CdS the Hall mobility 
varies only by a factor of two over the range 
of «= 10'" to lO'-’cm'". However, one may 
expect a much more drastic decrease in the 
Hall mobility if there are sufficient numbers of 
hole carriers to cancel the mobility due to 
electron conduction. Indeed, a substantial 
reduction of the photo-Hall mobility was 
observed previously for CdS but no spectral 
dependence of the quenching was reported! I5J. 

We have measured the Hall mobilities of 
our samples and their variation under i.r. 
irradiation. At first only band-gap radiation 
was used, and the Hall mobility of the CdS 
crystals remained essentially constant (98 cm'*/ 
V-sec) over the range of electron density of 
10" cm”" to 3 X 10" cm"". With the secondary 
I.r. radiation, the change of the Hall mobility 
with respect to the frequency of the quenching 
radiation is shown in Fig. 3. For comparison, 
the electric conductivity data are also included 
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Fig. 3. Percentage quenching of the Hall mobility (dots) 
and photoconductivity (circles) of C'dSiCu by i.r. 
radiation ofO 8-l-6^ 


in this graph. One notes that between 0-9 to 
1-Ofi, the Hall mobility is reduced by over 
95 per cent whereas the decrease of conduc- 
tivity is only 80 per cent. As a further test, 
we removed the quenching radiation and 
lowered the intensity of the primary excitation 
until (T was again reduced to 20 per cent of its 
initial value. Under this condition, we found 
no change of the Hall mobility from the 
original value of 98cmVV-sec. Thus the 
quenching of the Hall mobility is too large to 
be explained by the change of electron 
mobility due to charge scattering effects and 
is therefore attributed to the introduction of 
two-carrier conductivity. The two maxima of 
quenching of photo-Hall effect in Fig. 3 
appear at about the same frequencies as those 
associated with the quenching of the l-O/i 
luminescence. Similar experiments on the 
quenching of the Hall mobility have been 
performed for the ZnS crystals. The results 
are given in Fig. 4. The electric measure- 
ments are generally more difficult to make in 
the case of ZnS because of the long response 
time of the Hall voltage. Again we see two 
peaks near 0-9/a and 1-3/11 similar to the ones 
found in the luminescence experiments. Our 
observation of the quenching of photo-Hall 
effect therefore gives additional evidence for 
the generation of holes in the valence band by 
the 0-8-0-9/a and l-2-l-3/a i.r. radiation. 

In the region around l-bp, optical quench- 
ing of photoconductivity of CdSiCu was 
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I ig 4 Percentage quenching of the Hall mobility (dots) 
and photoconductivity (circles) of ZnS.Cu by i.r. 
radiation of()'8-l'4fi. 


observed and the data are summarized in 
Table I. When a broad-band filter for the 
entile range of 2-3/c was used to select the 
secondary radiation, the photoconductivity 
can be quenched by 25 per cent. Attempts 
were made to detect the quenching of Hall 
mobility, but only a very small reduction 
(about 5 per cent) of the Hall voltage was 
found even under broad-band i.r, irradiation 
of 2-3|U. In the ca,se of ZnS:Cu, the cry.stal.s 
produced too much noise to obtain reliable 
measurements of small quenching effects. 
Becuase of the 0-9 eV thermal activation 
energy required, the transition 3 as indicated 
in Fig. I is an inefficient process for transferr- 
ing holes from the C u^* center to the valence 
band. The 2-4 /li radiation may shift the Fermi 
level sufficiently to reduce Ihe electron carrier 
density and the conductivity, but may not 
produce significant hole density to alter the 
Hall mobilfty. 

Because of the marked difference in the 
decay rate for luminescence and conductivity, 
it has been previously concluded that the 
luminescence activator and the sensitizing 
centers for photoconductivity are not identi- 
cal. However, there is some disagreement on 
their identification in the literature. Era, 
Shionoya. Washizawa, and Ohmatsu[5] sug- 
gested that a copper impurity atom in very 


close proximity to an activator may act as the 
sensitizer, whereas Kang, Phipps, and Bube[2] 
identified the sensitizing centers to the cation 
vacancies. The observation of optical quench- 
ing at O-Sju tends to place the sensitizer level 
about 1-2-F3 eV above the valance band, the 
same location as the luminescence activator. 
Since the l'3-/x absorption of ZnS:Cu is 
associated with the crystal-field splitting of 
the (3d)“ state of Cu^+, it is reasonable to 
assign the F3-ju, quenching of the photo-Hall 
effect to excitation of holes from tj to e in 
Fig. 1. This is in line with the closely associ- 
ated copper pairs as sensitizer as suggested 
by Era et u/. [5]. It is also compatible with 
cation-vacancy model since ejection of holes 
from the copper atoms may cause a transfer of 
holes from the cation vacancy. 

5. SUMMARY 

The two crystal-field energy levels of a 
c/-electron of Cu^'^ in the ZnS crystal lattice 
relative to the valence band are shown in 
Fig. 1. A new quenching band at 2'3-2-8p. 
has been observed for the green luminescence 
of ZnS:Cu. This may be ascribed to the 
transition of holes from the lower crystal- 
field level to the valence band. All three 
quenching bands of the green luminescence 
(0-8, 1-2, l-ifi) are accompanied by an initial 
stimulation. It is suggested that the stimulation 
effect may be explained as the result of trans- 
fer of holes from the slow to the fast lumines- 
cence centers using the unassociated pair 
model. 

Three quenching bands at 0-8-0-9, 1-4, and 
2-5(1 have been observed for the 10-/4 
luminescence of CdS:Cu. These can be 
explained in terms of the crystal-field energy 
levels of Cu^^ in the CdS lattice similar to the 
case of ZnS. 

Quenching of photo-Hall effect by 0-8-0'9-/x 
and F3-F4-/4 radiation has been observed 
for both ZnS : Cu and CdS ; Cu. The reduction 
of the Hall mobility may be interpreted as due 
to the introduction of hole conduction pro- 
duced by the i.r. radiation. A small quenching 
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of the photoconductivity by 2-5/1, radiation 
was seen for CdS : Cu. but we were unable to 
detect quenching of photo-Hall effect at this 
wavelength. 
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COLORATION OF LiF BY 3 0MeV »He, ^“Ar, *^Kr, AND 
2.0 MeV '2»Xe IONS 
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Abstract -Coloration studies of alkali halide crystals have been extended by investigating the color 
centers produced in LiF by 3 0 MeV ''He. '“Ar. “Kr, and 2 0 MeV '“Xe ions. From the F-center 
growth curves it has been determined that 666 eV and 1 1 50 eV are expended per F-center created by 
the ''He and *“Ar ions respectively; the curves are linear up to approx 2-3 x I0'“ hjcc and 2-4 x 10'" 
Flee, respectively. The optical absorption spectra of the damage produced by the ions have been 
quantitatively resolved and compared to the damage produced by gamma rays by means of a least 
squares Gaussian curve fitting computer program. For the “Ar-. *’Kr- and '“Xe-irradialions the data 
are best fitted by the formation of 3 bands near 3-22, 2-97 and 2-22 eV and the 'He data by a small 
band near 2-90 eV. Damage profile curves, obtained by etching, yield penetration depths which agree 
qualitatively with calculated values and show that the damage is fairly uniform. 


I. INTRODUCTION 

Even though extensive studies on the defects 
(color centers) produced in alkali halide crys- 
tals upon exposure to X-rays, gamma rays, 
u.v. rays, electrons, protons and neutrons have 
been made, little information on the defects 
produced by energetic massive ions has been 
reported. The following considerations pro- 
vide a strong incentive for extending alkali 
halide coloration studies to include irradiation 
by energetic massive ions. (1) Since the pene- 
tration depth is expected to be small (1-I0pi), 
defect concentrations up to 1 0^^*' per cm^ could 
be measured optically. It would thus be pos- 
sible to investigate those portions of defect 
growth curves which are otherwise often too 
opaque for optical measurements. Also, from 
the slope of the growth curve the number of 
defects produced per incident ion, and thus 
the number of electron volts expended per 
defect created, could be calculated. (2) Since 
the known color centers are produced by ion- 
ization mechanisms and no color centers due 
solely to direct displacements have been veri- 
fied, the creation of new color centers due to 
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direct displacement damage could be syste- 
matically investigated by employing ions 
whose mass varied over a considerable range. 
(.1) A profile study of the induced damage as a 
function of depth could be correlated with 
theoretical stopping power calculations to 
yield information on the relative defect pro- 
ducing capability of ionization and direct 
displacement mechanisms. Such a study would 
be especially valuable if defects due solely to 
direct displacements were found. (4) A search 
for color centers due to the implanted ion 
themselves could be conducted. In particular, 
a recent theoretical paper has suggested the 
possibility of a new color center formed by an 
inert gas atom trapped in the potential well of 
an F-center[l], 

In view of the above considerations, ion 
beams of *He, ‘"'Ar, *“'Kr. and ‘*"Xe have been 
employed to irradiate single crystals of LiF at 
room temperature. The results obtained are 
the subject of the present paper. 

2. experimental procedure 
(A) CryxUlls 

Lithium fluoride was employed in this in- 
vestigation since preliminary coloration 
studies indicated that with LiF the damage 


1.161 
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was Stable at room temperature and was also 
unaffected by room light. Although color 
centers in LiF have not been as extensively 
studied as those in KCl or KBr, for example, 
the dominant color centers in LiF irradiated 
at room temperature have been identified [2]. 
In addition, it has been reported that in LiF, 
unlike in other alkali halides, the radiation 
damage is independent of the irradiation flux 
1 3). This property would greatly facilitate any 
attempt to correlate theoretical stopping 
power calculations with experimental profile 
studies. 

To facilitate cleaving, the crystals*^ were 
first hardened by exposure to '""Co (I0®R) 
gamma rays. Samples approximately 6x6x 
i mm-‘ were then cleaved and subsequently 
annealed for several hours at 45()°C to remove 
the damage induced by the gamma-ray 
irradiation. 

(B) Ion tn vi'lcnitor 

The NRl. MV Van de Graaff accelerator 
was used to produce beams of 3 ()-MeV '‘He, 
"’Ar, "'Kr, and 2'()-MeV ''-"Xe ioas. The ion 
beams were magnetically analyzed before 
striking the target and the beam current on 
target was measured and integrated in a Fara- 
day cup arrangement which had a negatively 
biased guard ring located at its entrance to 
suppress secondary electrons. 

Since charge exchange processes may be 
expected to increase with increasing atomic 
number of the incident ion and increasing 
pressure in the beam transport tubing, pres- 
sure in the beam lube was maintained at 10"' 
torr or lower during irradiations. In addition, 
tests were made for the presence of a neutral 
beam component which would produce dam- 
age in the target but not be measured as an 
electrical current. In these tests a deflecting 
voltage was applied to the beam so as to pre- 
vent the singly ionized beam component from 
reaching the target, and three permanent mag- 

•The samples were cleaved from a single block of l.iF 
purchased from the Harshaw ( hemical Co.. Cleveland. 
Ohio, U.S.A. 


nets were placed along the beam transport 
tube between the deflecting plates and the 
target in order to deflect any beam particles 
which had become ionized after passing 
through the deflecting plates. The combined 
electrostatic and magnetic deflections re- 
duced the beam measured at the target by a 
factor of ^ 50. A LiF crystal was then irradi- 
ated for ten minutes under conditions such 
that a beam current much larger than that used 
in the actual irradiations was present before 
the deflecting plates. The coloration produced 
in this way was extrapolated to the small 
beams and small total charge collected during 
the actual irradiations from which the dose 
curves were obtained. The neutral beam com- 
ponent obtained from these measurements 
introduced a correction of about 3 per cent to 
the do.se delivered lo the target. 

In order to provide uniform irradiation over 
the target the beam spot was scanned electro- 
statically over an area somewhat larger than 
the sample size. Slits were then used to limit 
the beam to a well defined rectangular area 
which was larger than the cry.stal samples 
which were irradiated. 7'he area bombarded 
was measured and used together with the in- 
tegrated beam charge in calculating the total 
number of ions per cm^ incident on the sample. 

Effects due lo heating of the crystals by the 
incident beam were evaluated in a series of 
preliminary irradiations. Final irradiations 
consisted of repeated short runs with beam 
intensities of 6 x 1 ()"” A or less into target 
areas of approximately 1 cm''. Under these 
pulsed, low intensity, bombarding conditions 
no heating effects in LiF were observed. It is 
estimated that the surface temperature does 
not rise above 85°C for the most intense beam 
used. Even though effects due to electrostatic 
charging of the samples were expected to be 
small at the very low bombarding currents 
u.sed, the following precaution was taken. The 
area irradiated by the beam was made pur- 
posely larger than the LiF sample so that a 
portion of the beam would strike the solid 
brass plate on which they were mounted. The 
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secondary electrons produced at the brass 
plate around the periphery of the target served 
to keep the surface effectively neutralized. 
The coloration produced was measured at 
room temperature with a Cary 14 optic- 
al spectrophotometer several hours after ir- 
radiation. 

3. RESULTS AND DISCUSSION 
(A) V -Center growth curves 

Typical growth curves of f -centers pro- 
duced in alkali halide crystals subjected to 
ionizing radiation at room temperature indi- 
cate that coloration proceeds in three stages 
[4,5]; (1) an early stage in which the colora- 
tion increases rapidly and terminates after a 
relatively low dose, (2) a second stage in 
which the coloration rises slowly, and (3) a 
final stage where saturation is approached. 
Early interpretations were that in the first, or 
intrinsic stage, anion vacancies initially pres- 
ent in the crystal simply captured an electron 
liberated by the radiation. Recent studies [5], 
however, have suggested that this stage is 
more complex and that both isolated and 
clustered anion vacancies are actually being 
created. The latter subsequently trap elec- 
trons to become f-centers. Finally, for large 
doses the probability for formation of an F- 
center becomes equal to that for dissociation 
and saturation is reached. 

In the present study coloration depths are 
on the order of a few microns so that defect 
concentrations in the range of 10‘^/cc to l(F'/ 
cc can be measured. Thus the regions of the 
growth curves which can be observed are the 
second and third stages. F-center growth 
curves (plotted as F-centers/cm^ vs. incident 
lons/cm^) for both ^He and ^"Ar-ion bom- 
bardment are illustrated in Fig. 1 , In order to 
convert the optical density measurements of 
the F-band (247 nm) into F-centers/cm“, 
Smakula’s equation [6, 7] was employed using 
an oscillator strength of unity and a half- 
'vidth for the F-band of O' 70 eV. The data are 
presented as a log-log plot since it covers 


several orders of magnitude in both param- 
eters. 

In order to observe the transition from the 
second stage to the third stage more closely, 
the lower portions of the growth curves are 
redrawn as a linear plot in Fig. 2. It is seen 
that the ^He growth curve is linear up to ap- 
proximately 2x 10'* F-centers/cm^ and that 
the ■'“Ar curve is linear up to approximately 
5 X 10'^ F-centers/cm". 

It is interesting to note that Farge cf al. [8] 
have reported that a log-log plot of the F- 
center growth curve from X-ray irradiated 
LiF should have a slope of i Their model in- 
volves the recombination of interstitials and 
F’-centers after the initial or primary creation 
of Frenkel pairs by ionizing radiation. The 
presence of dislocation loops play an impor- 
tant role in their mechanism. In our case, how- 
ever, the primary defects are not caused 
entirely by ionization mechanisms and it is 
likely that the number and type of dislocations 
produced by the massive ion bombardment 
are very different from those produced by 
X-rays. 

Damage profile curves have been obtained 
u.sing the chemical polishing solution des- 
cribed by Gilman and Johnston [9], The 
samples were held with teflon coated tweezers 
in a 1 -5 percent solution of ammonium hydrox- 
ide in distilled water and rinsed with acetone. 
The etching periods varied from 60 sec for 
the *He samples to 6 sec for the '"^Xe samples. 
Damage profile curves were obtained by plot- 
ting the number of F-centers remaining vs. 
etching time. Etching rate measurements were 
obtained using a Bendix electronic indicator 
with an accuracy ± 0-2 x 10““ in. The etching 
rate in the damaged region was found to be 
approximately the same for the He-, Ar-, and 
Kr- and Xe-irradiated LiF targets. An etching 
rate of about O-S/a/min was obtained while 
etching the samples in the solution at room 
temperature. 

The etching measurements showed that the 
coloration was fairly uniform along the pene- 
tration depth for all the bombarding particle 
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l ig, I 1 og-lo(( plot of the / center growth curves in l.iF produced hy 3 MeV 'He and ■*“Ar ion 

bombardment 


species. For '‘Fie and "’Ar in particular, such 
uniform coloration does not correspond to the 
calculated variations in stopping power vs. 
penetration depth. 

The total stopping power, (dE/dAl(.,„.,r„i,i(. 
plus of .TO MeV -’He, "“Ar, 

“"Kr and 2-0 MeV '““Xe ions vs. energy is 
shown in Fig. 3. For ‘He, dfe/dA' attains a 
maximum value near the end of its range, i.e. 
when the incident energy has been reduced to 
only 0-35 MeV. At 0-35 MeV the d£7dA' is 
~ 0-45 X 10'“eV/cm; at 3 0 MeV, when it is 
just entering the surface, dEldX is 0- 189 x 10'* 
eV/cm, so the “He energy loss has come down 
by a factor of 2-4, For "“Ar the dEldX is low- 
est at the end of its range, where it is ~ 1 05 x 
10'“eV/cm, and highest as the "“Ar just enters 
the surface, where it is - 2 4 x IO'“eV/cm. 


The {d£7dT)i„iai for ""Ar has changed by a 
factor of about 2-4 but in the opposite direc- 
tion from “He. For ""Kr and '““Xe the ratios 
of the nuclear and electronic contributions are 
different, while the (df/dAljifrif^ni,, is very 
nearly the same for both. The increase in the 
(d£/(iA)„,tai for Xe is due entirely to its large 
nuclear component. The total energy loss for 
both ""Krand ‘““Xe is nearly constant through- 
out the particles penetration into LiF, chang- 
ing by only 15-20 per cent. 

The etching measurements were consistent 
with the calculated ratios of the penetration 
depths. A range of 8-61 ^ for 3 0 MeV “He in 
LiF was obtained using stopping powers for 
“He in Li and F calculated by Williamson et 
a/.[10]. For ""Ar, “"Kr and ‘“"Xe nuclear and 
electronic stopping powers in Li and F were 




COLORATION OF LiF 


1365 



Fig. 2. Linear plot of the low dose portion of the F-center growth curves in LiF 
produced by 3 Me V ’He and ’“Ar ton bombardment. 


calculated using the theory of Lindhard et al. 
f 1 1 ]. For heavy ion nuclear collisions the large 
angle scatterings are important in the energy 
loss process. Therefore the ranges obtained 
for *'’Ar, "‘Kr and ’^*'Xe were corrected to 
projected ranges so as to correspond to pene- 
tration depths of the ions into the LiF crystal. 
Projected ranges obtained for 3 0MeV ''“Ar. 
"‘‘Kr and 2-0 MeV ’’^'•Xe ions, respectively, 
were2 05, l-SOandO ?! /a. 

Since the coloration was found to be nearly 
uniform, the calculated values of the penetra- 
tion depths can be used to convert F-centers/ 
cm^ to F-centers/cc, It is estimated that the 
F-center concentrations at which the growth 
curves (Fig, 2) become nonlinear are 2 3 x 10'" 
F-centers/cc and 2'24x 10'" F-centers/cc for 
the "He- and '“Ar-ion bombardment respect- 
ively. One interpretation of this close agree- 
ment is that the concentration at which an 


F-center growth curve becomes nonlinear 
does not depend upon the type of radiation or 
its rate of energy loss. An alternative possi- 
bility. however, is that the transition of the F- 
center growth curve from the second stage to 
stage three may be governed by the rate of the 
back reaction involved with the type of ir- 
radiation employed. For example, many X- 
rays may pass through a given region and 
F-centers already formed may be partially 
destroyed by a subsequent ray. In such cases 
energy is dissipated in unproductive events 
and the growth curves would become nonlin- 
ear at lower concentrations. 

In the present case, however, even for an 
integrated particle flux of 4.x lO'Vcm", the 
average distance between tracks may be taken 
to be about 160 A. This implies that the ion 
tracks do not overlap to a great extent, thus 
reducing at least one source of back reaction. 
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This assumed lack of overlap is consistent 
with recent electron microscope observations 
on Ni-ion irradiated Si by Mazey et rt/.[l2]. 
They observed damaged regions of approxi- 
mately 50 A in dia. when a 'thinned' Si crystal 
was subjected to a dose of I x 10'® 80 KeV 
Ne ions per cm®. From Fig. 2 it is seen that the 
®He and ^“Ar curves become nonlinear at 
doses of approximately 4 x 10" ions/cm® and 
2x10" ions/cm® respectively. Since the 
diameter of the damage track of a ®He ion is 
expected to be smaller than that for an ^"Ar 
ion, it would be expected that the ®He growth 
curve be linear to a higher dose than the ^"Ar 
curve. 

From the linear portion of the growth 
curves an accurate determination of the num- 
ber of F-centers produced per incident ion can 
be obtained. It is found that 4500 f -centers 
are created per ®He ion and that 2600 F- 
cenlers are created per '‘"Ar ion. Since each 


ion has an incident energy of 3-0 MeV, aver- 
age energies of 666 eV and 1150eV are ex- 
pended per f-center produced by ®He and 
“Ar ions respectively. These efficiencies can 
be compared to values ranging from 850 eV/ 
F-center to 3800 eV/ F-center for irradiation 
of laF at liquid-helium temperature by 2 0 
MeV electrons and various energy X-rays 
[13]. The relative magnitudes of the effici- 
encies for ®He and ^"Ar in the present study 
are consistent with the X-ray and electron 
liquid-helium study in that, for irradiations 
with high track ionization densities, the effici- 
ency decreases as the ionization density in- 
creases. Further comparisons are difficult 
due to the difference in sample temperatures. 

A final observation from the growth curves 
in Fig. 2 is obtained by extrapolation of the 
linear portions. The intersections with the 
abscissa are 8'5 X 10"* F-centers/cm® and \-l x 
10'® F-centers/cm® for ®He and ‘‘"Ar respec- 
tively. The ratio of these values is 5 0 while 
the ratio of the estimated penetration depths is 
4-8. This agreement indicates that the concen- 
tration at which the first stage saturates is 
directly proportional to the penetration depth, 
and that with massive ion bombardment the 
initial concentration of negative ion vacancy 
sources (both direct and indirect) for LiF 
crystals prehardened and annealed is ap- 
proximately 9-5 X 10"* F-centers/cc. 

(B) Search for color centers created hy direct 
displacements 

In addition to the F-band (247 nm) the ab- 
.sorption spectra of both ®Fle and ^"Ar bom- 
barded crystals exhibited other bands in both 
the visible and u.v. regions. The spectrum of a 
•■'He irradiated crystal appeared quite similar 
to that obtained by room temperature irradi- 
ation by gamma rays, i.e. composed of F and 
F-aggregate bands. However, it was immedi- 
ately evident that the spectra produced by 
“Ar contained an additional band, or bands, 
in the M band (445 nm) region. 

In an effort to catalog the new color center 
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bands, both spectra were quantitatively re- 
solved with a computer into individual Gaus- 
sian bands and compared to a similarly 
resolved spectra obtained from a sample which 
had received gamma-ray irradiation. A general 
computer program designed to perform a least 
squares analysis for nonlinear functions! 14] 
was employed to decompose an optical ab- 
sorption spectrum into its component Gaus- 
sian bands. The program input consisted of: 
(1) the data points, taken at intervals of 1 nm, 
from the continuous spectrum furnished by 
the Cary spectrophotometer, (2) initial guesses 
as to the Gaussians present, i.e. the number 
present, their height in optical density (o.d.), 
the positions of the band maximums in nm 
(X,„), and the band-widths at half maximum in 
eV (AM^), and (3) which, if any, of the three 
parameters per Gaussian were to be held 
fixed. The computer varied those parameters 
not fixed in such a way as to obtain the best 
fit to the data, and then plotted on the same 
graph the data points, the individual Gaussian 
bands, and the total absorbance resulting from 
the addition of these Gaussians. Since room 
temperature gamma-ray irradiation of LiF 
produces no known color centers attributed 
solely to direct displacement damage, the 
following procedure was employed in order to 
compare the three resolved spectra. 

The spectrum of a gamma-ray (lO^R) ir- 
radiated crystal was analysed by estimating 
the parameters of the six dominant F- and 
F-aggregate color center bands known to 
exist in gamma-ray irradiated LiF, i.e. the F, 
A/, /?„ R„ and F;,+ [16] bands. A 

rather broad band under the high energy side 
of the F-band was also included. There were 
thus 21 parameters and all were allowed to 
vary. The resulting fit to the data is shown in 
Fig. 4. In this figure, and in those which follow, 
the data are represented by open circles, the 
resolved individual Gaussians by the broken 
lines, and the lit by the solid line. The final 
values of the parameters for the gamma-ray 
produced spectrum are given in Column I of 
Table 1. These seven bands then became the 


standards by which the “He and ‘*Ar produced 
spectra were compared. 

In order to analyze the spectra produced by 
the ions, the positions and band-widths of the 
standard bands were held fixed and only their 
heights were allowed to vary. Furthermore, 
since the /?,, R^, and R,^ bands arise from the 
same defect, their heights were always held in 
the fixed ratio (10:0'68:0-21) found in the 
gamma-ray produced spectrum analysis. If 
this procedure of varying the five remaining 
parameters failed to produce a satisfactory 
fit, additional Gaussians were added to the 
program input and allowed to vary until a 
good fit was obtained. The analysis thus em- 
ployed the minimum number of new Gaus- 
sians necessary to obtain a good fit. Each 
additional Gaussian needed corresponds to a 
color center band contained in the spectra of 
the ion bombarded crystals but not in that of 
the gamma-ray irradiated crystal. 

The final results for a “He-(l -3 x 10‘“ions/ 
cm“) produced spectrum are illustrated in Fig. 
5 and tabulated in Column 2 of Table I. In 
this case only one additional band at 2-9 eV 
was needed. It is represented in Fig. 5 by the 
dash-dot curve. It is important to note that 
this is a relatively weak band and could pos- 
sibly be the result of several bands, such as 
those found in the ^Ar case discussed below. 
Similarily, the fit for a **Ar-(3-8x lO'Mons/ 
cm*) produced spectrum is shown in Fig. 6 
and tabulated in Column 3 of Table 1. In this 
case three additional bands at 3-21 eV, 2-97 
eV, and 2-22 eV were needed. An enlarged 
view of both the known bands and the three 
new bands is shown in Fig. 7. Again, in these 
figures the new bands are represented by 
dash-dot curves. 

Support for the assignment of the three new 
bands in the ^“Ar-produced spectrum was 
sought by extending the study to include other 
massive ions. Thus, samples were bombarded 
with 3 0MeV ”Kr and 2 0MeV '”Xe ions. 
The spectra produced by these ions were then 
analyzed with the procedure outlined above. 
As with the "Ar-produced spectrum, both the 
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f-H! 4 Resolved spectrum of a gamma-ray irradiated ( lO’R) sample of LiF. The open circles represent the data, 
the broken curves are the resolved Gaussian bands corresponding to the known color centers, and the solid 

curve is the subsequent fit to the data. 


"■'Kr- and '^"Xe-produced spectra require 
three additional Gaussian bands in order to 
obtain a good fit. Moreover, with one excep- 
tion, viz., the half-width of the band at 3-17 eV 
in the "‘‘Kr spectrum, the positions and half- 
widths of the three bands agreed quite well. 
Since the accuracy of the optical density 
measurements is about 0-005, the values given 
in Table 1 for the smaller bands are less reli- 
able than the larger ones. 

No special effort was given to obtaining a 
close fit for any of these spectra in the region 
of the /^-band (4-6 eV) for the following 
reasons: (1) f -bands are known not to be 


exactly Gaussian, (2) there are several bands 
expected to lie in the F-band region (for exam- 
ple My, Ry, L, K. and Z bands) but not all of 
their positions and band widths are known, 
(3) the origin of the band at 5’77eV is not 
known to the authors and may be an ap- 
proximation to some combination of those 
mentioned above, (4) the shape of the error 
curve (the difference between the data and the 
fit) in the F-band region is nearly the same for 
all five spectra and resembles the second 
derivative of the F-band. This regularity of 
error indicates that no large underlying band 
exists in only some of the spectra and in view 
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Table 1 . Tabulations of Gaussian parameters yielding the best computer jit to the data for LiF 
colored with gamma rays and inert gas ions. Band heights are in optical density (o.d.), band- 
widths in eV (^W), and positions of band maximums in nm (km). 


Gamma ray 

He 

Ar 

Kr 

Xe 

Parameter 

Designation 
of center 

0208 

0-167 

0-0437 

0-062 

0-012 

O.d. 

X 

1-38 

Axed 

fixed 

fixed 

fixed 

aw 


210-6(5'88eV) 

fixed 

fixed 

fixed 

fixed 

xm 


1-41 

1-66 

0-180 

0-321 

0 158 

O.d. 

F 

0-70 

fixed 

fixed 

fixed 

fixed 

AW 


247-5(5 00eV) 

fixed 

fixed 

fixed 

fixed 

Am 


0-087 

0016 

0-0066 

0-017 

0 0040 

O.d. 

ti, 

0-516 

fixed 

fixed 

fixed 

fixed 

AW 


316-6(3-92 eV) 

fixed 

fixed 

fixed 

fixed 

Am 


0-060 

0-011 

0-0045 

0-012 

0-003 

O.d. 


0-292 

fixed 

fixed 

fixed 

fixed 

AW 


374-6(3-31 eV) 

fixed 

fixed 

fixed 

fixed 

Am 


0-017 

0-003 

0-0013 

0-003 

0 0008 

O.d. 


0-248 

fixed 

fixed 

fixed 

fixed 

AW 


552-5l2-24eV) 

fixed 

fixed 

fixed 

fixed 

Am 


0-126 

0 100 

0 0267 

0-035 

0-022 

O.d. 

F,* 

0-376 

fixed 

fixed 

fixed 

fixed 

AW 


453-9(2-72 eV ) 

fixed 

fixed 

fixed 

fixed 

Am 


0-323 

0-287 

0-0374 

0-0659 

0-035 

O.d 

M 

0-163 

fixed 

fixed 

fixed 

fixed 

AW 


445- 1(2-78 eV) 

fixed 

fixed 

fixed 

fixed 

xm 




0-0142 

0-014 

0-0085 

o.d. 

3-22 eV 



0-707 

1-15 

0-748 

AW 




385-5(3-22 eV) 

391 -6(3- 17 eV) 

388- 5(3- 19 eV) 

Am 



00.50 

0-0286 

0-027 

0-012 

O.d. 

2-97 eV 


0-440 

0 376 

0-325 

0-282 

AW 



427-9(2-90 eV) 

417-4(2-97 eV) 

415-2(2-99 cV) 

414-4(2-99 eV) 

Am 




0-0066 

0-006 

0-007 

od. 

2-22 eV 



0 350 

0-378 

0-434 

AW 




558-7(2-22 eV) 

564-9(2- 19 eV) 

553-7(2-20 eVl 

Am 



of reasons (1) through (3), discovery of a new 
small band in the F-band region would be very 
difficult. 

In the M-band region (2-4 eV) the fit ob- 
tained in all five spectra was good. The con- 
clusion of this analysis is that in addition to 
creating the color centers produced by electro- 
magnetic irradiation, massive ion bombard- 
ment creates additional damage. If this 
damage consists of specific color centers 
which can be represented by Gaussian ab- 
sorption bands, the values listed in Table 1 for 
these new bands can be assumed to be ap- 
proximately correct. Of course, if the bands 
are not Gaussian then the entire analysis 
fails. Colloidal bands are usually non-Gaus- 


sian and in LiF the wavelengths of bands 
attributed to colloids are either near 290 nm 
or on the low energy side of the M band. The 
mechanism producing these new color cen- 
ters may well be that of direct displacement 
collisions, but further work will be needed to 
verify this and to propose specific defect 
models. 

F-center growth curves for "^Kr- and '**Xc- 
ion bombardment were also obtained, but the 
very small absorption coefficients involved 
made any quantitative analysis unreliable. 
These heavier ions did follow the expected 
trend, however, in that estimates of the effici- 
encies for F-center production decreased as 
the mass of the bombarding species increased. 
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positions of the three new bands near 2 22, 2-97 and 3 22 eV. 


examined alkali halides bombarded with 
S MeV rare-gas ions at 6°K and did not detect 
any rare-gas centers. The minimum number of 
color centers optically detectable is approxi- 
mately 10'^ per cm- so that an ion dose larger 
than this would certainly be required. The 
growth curves in Fig. 1 were terminated at 
3x10” ions/cm-, yet even at this dose 
well developed absorption bands are already 
present throughout the vi,sible and near u.v. 
regions of the spectra. These bands would 
strongly mask any very weak additional 
band even if it were stable at room tem- 
perature. 


(2) In addition to those known color centers 
created in l.iF by irradiation with electro- 
magnetic rays or light particles, bombard- 
ment by energetic massive ions produces 
additional defects. 

(3) Damage profile curves of LiF showed 
that the coloration produced was fairly uni- 
form along the penetration depth for all the 
bombarding particle species. 

(4) The new defects created by ^He ions 
exhibit a small band (or bands) near 2-90 eV 
while those created by ^“Ar, *‘'Kr and ”*Xe 
ions exhibit in each case bands near 3-22, 
2-97, and 2-22 eV. 
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(5) The second stage of the F-center growth 
curves produced by ®Hc and "Ar ions are 
linear up to approximately 2-3 x 10'* F- 
centers/cc and 2-24 X 10'" F-centers/cc respec- 
tively. Saturation of the "Ar produced F- 
center concentration occurs at about 3'4x 
10 '* F-centers/cc. 

(6) From the slope of the linear portion of 
the growth curves it is determined that 4500 
F-centers are created per incident 3 MeV 
"He ion and that 2600 F-centers are created 
per incident 3 MeV ""Ar ion. These values 
correspond to efficiencies of 666 and 1150 
eV per F-center respectively. 
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MAGNETIC FIELD EFFECTS ON PHOTO-ENHANCED 
CURRENTS IN ORGANIC CRYSTALS* 

N. E. GEACINTOV, M. POPE and S. FOXt 

Radiation and Solid State Physics Laboratory and Chemistry Department, New York University, 

N.Y. 10003, U.S.A. 

[Ret e'wedil July in revised Jorm 29 September 1969) 

Abstract - An anisotropy in the effect of a magnetic field on the photo-enhanced bulk conductivity in 
anthracene and tetracene single crystals was found. In anthracene this effect may be explained in 
terms of a triplet exciton-trapped hole interaction. In tetracene it is mainly a consequence of singlet 
exciton fission into triplet excitors. 


I. INTRODUCTION 

The MAGNETIC field dependence of the photo- 
conductivity of anthracene and tetracene was 
first described by Frankevich e/a/.[l-41. 
They ascribed their results to the effect of the 
magnetic field on charge-transfer (Wannier 
type) excitons which in some cases could be 
produced by triplet excitons. 

In this paper we present evidence that the 
effect of a magnetic field on photo-induced 
bulk conductivity may be understood in terms 
of singlet exciton fission (in tetracene) and 
triplet exciton interaction with other paramag- 
netic species (such as trapped holes) in anthra- 
cene and tetracene. 

We used single crystals of anthracene and 
tetracene, illuminated through a semitrans- 
parent evaporated gold electrode. The back 
electrode was a small droplet of mercury. The 
incident light was perpendicular to the ab 
plane of the crystal and was in the first sing- 
let absorption region for both anthracene and 
tetracene. This light will not induce an elec- 
tron photocurrent under the present experi- 
mental conditions [5, 6], 

A gold electrode is able to inject holes into 
tetracene and anthracene in total darkness 
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f7, 8]. When Ihe electrode is at a positive 
potential, a space charge limited current can 
be produced. The effect of light on the obser- 
ved current in this case where a gold electrode 
is used would be chiefly due to the reduction 
in the filled trap density; this would in turn 
produce an increase in the measured current. 
The current that flows in the presence of light 
under these circumstances has been referred 
to as a photo-enhanced current [9], 

The changes in steady-state photocurrents 
were measured as a function of the orientation 
of the magnetic field vector H with respect to 
the b axis in the ab plane of the crystals. 

1. RESULTS 

In tetracene the fractional change in the 
current A/// when H = 3-4 kG is strongly 
anisotropic, exhibiting sharp resonances as 
shown in Fig. I ; furthermore, the magnitude 
as well as the sign of A/'/f is a function of wave- 
length of illumination. When light is weakly 
absorbed (wavelength A = 565 nm, absorption 
coefficient k « 3(XK)cm~') A/// is negative 
(Fig. I ). When strongly absorbed light is used 
(400 nm < A < 520 nm. A: = 10^ - 10^ cm '). 
Ai/t is positive. 

In anthracene the effect of the magnetic field 
on the photoconductivity was measured in the 
first singlet absorption band ( A = 360-400 nm. 
k~ 10® cm"'): Ai/f is negative and exhibits 
pronounced anisotropy (Fig. 2). It was also 
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Fip 1 lelracene cryslal (175 fim thick). Effect of magnetic field 
H - 34(XI Ci on fluorescence f and hole pholocurrent / // rotated in 
(ih crystal plane, Photocurrents measured with 250 V across crys- 
tal, current wtth // -0 was 8'5x 10 '"A/cm* at 400 nm and l■4x 
10 *A/cm* at 565 nm At 565 nm light is weakly =i‘ 3x |0' 
cm ') absorbed The h axes is at 0 The resonances calculated from 
equation I (with -0 077)|10] arc shown by heavy arrows. 

1 ~ 3W“K </) = typical estimated error 


noted that A/// decreased with increa.sing 
voltage. 

1 here was no noticeable effect of H on the 
dark currents which were at least 100 times 
smaller than the photo-enhanced currents. 

3. DISCUSSION 

In tetracene, singlet exciton fission into 
two triplet excitons is a very efficient process 
at room temperature [ 1 0, llj. This process 
can be inhibited by the application of an exter- 
nal magnetic field and the singlet exciton den- 
sity may be increased thereby by as much as 
40 per cent. It can also be calculated {using 


data and equations given in [12]) that there is a 
concomitant decrease in the triplet exciton 
density of about 1-2 per cent. The generation 
of singlets via triplet-triplet exciton fusion and 
the resulting delayed fluorescence are de- 
creased in both anthracene [13] and tetracene 
[14] in the presence of a magnetic field. All 
these magnetic field effects are anisotropic 
with respect to the orientation of H- For every 
180° of rotation in the ab or ac plane, two res- 
onances are observed. Maxima in the prompt 
fluorescence of tetracene and minima in the 
delayed fluorescence of tetracene and anthra- 
cene are observed at these special orientations. 
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Fig, 2 Anthracene cry>ial (lOO/xm thick) Effect of magnetic 
field 77 = 3400 0 on hole photocurrent i. R rotated in ah crystal 
plane Ehotocurrents measured with 24 V across crystal; current 
with H - 0 was I Ox 10 '■ A/cm* at 366 nm. The h axis is at 0 and 
the resonances were calculated from equation I Iwith D/fc' = 
-00974)117) are indicated by heavy arrows T = 298°K. <f> = 
typical estimated error. 


The field directions at which these effects 
occur correspond to orientations at which a 
particular type of level-crossing resonance 
occurs 11 3, 15). The resonances occur at 
orientations of /7(//> 2000G) for which 
where the latter quantities 
refer to the energies of the jO, 0> and 1+ 1, 
-1> triplet exciton pair states (each triplet 
exciton is characterized by the appropriate 
spin quantum number A/, = 0, ±1). Also, at 
the.se orientations Wa(H) = 0, where is the 
energy of the |0> triplet exciton. 

Knowing the orientation of the crystal zero 
field splitting tensor, or the orientation of the 
molecular axes in the lattice. Wq(H) can be 
calculated. If D and E are the zero-field split- 
ting parameters, and L,^, M,j, are the 
orientations of the long, short and normal 
axes of molecules 1 and 2, respectively, in the 
anthracene or tetracene unit cell, the reson- 
ances occur at orientations of H for which [10] 


>^0 = 


D 


|-(cosM^,.//)+cosMMi,//)) 


£ 

9 


(cos^ (£,.//) + cos^ (Li.H)) 


-(cos='(M,,//) + cosMM.2,W)) 


= 0 . 


The calculated resonance points for tetra- 
cene are shown in Fig. I by arrows. They are 
in reasonable agreement with the observed 
fluorescence lesonance peaks’". The discrep- 
ancy in the left hand peak (- I'.''"’) and the 


‘.Since reference! 10] wa,'. published, ihe apparatus was 
considerably improved, which permitted a more accurate 
location of the two peaks in Fig. I . We are grateful to 
Dr. P. Avakian for communicating to us the location of 
the crystallographic a and b axes with reference to the 
AF/F peaks. With these improvements and corrections 
the agreement between theory and experiment is not quite 
as good as implied in Fig. 2 of referencejlO] as is evident 
in Fig. 1 of this paper. 
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right hand peak h 3-SV in Fig. I is more than 
can be accounted for in terms of expenmenia 
error (± 1°). The shape of Aili at 400 nm re- 
produces the fluorescence curve except that 
A/// is smaller in magnitude by a factor of 
about seven. 

The conclusion to be drawn in the case of 
letracene provided with gold electrodes is that 
at 400 nm the magnetic effects on the hole 
current are mainly a consequence of the in- 
crease in the concentration of singlet excitons 
produced by the decrease in the fission of sing- 
let excitons into two triplets; the singlet 
excitons in turn detrap the holes already 
injected by the electrode. I'his is demonstrated 
by the positive sign of A/// and the anisotropy 
as shown in Fig. 1. 

Using light of X = .S65 nm (Fig. 1), it was 
found that i was decreased by H. This de- 
crease implies that the hole density in traps 
was increased by //. or that hole detrapping 
was reduced. Since it is the triplet exciton 
concentration that is reduced by H, and not 
the singlet exciton concentration, the magnetic 
effects of 56.^ nm are due mainly to the interac- 
tions of triplet excitons. (The interaction rate 
between a triplet exciton and a trapped hole 
is also reduced in a magnetic field -see below.) 

In anthracene, there is no exciton fission, 
and at the light intensities used in this experi- 
ment. there is no triplet-triplet exciton fusion 
process of any significance; yet there is a sig- 
nificant effect of fJ on Ai/i that depends on the 
orientation of the magnetic field (Fig. 2). 
We interpret this effect in terms of an interac- 
tion between a triplet exciton (produced by 
intersystem crossover from a singlet state) and 
another paramagnetic species, namely a free 
or a trapped hole, in which process the triplet 
exciton is annihilated. As before, the holes are 
injected by the gold electrode and produce a 
space charge that limits the current. In the 
presence of an external magnetic field, we 
assume that the efficiency of triplet exciton 
annihilation by the holes is reduced. This 
produces a larger space charge than when H = 

0, and the photoenhanced current drops, as is 


observed. Furthermore, if the applied voltage 
is increased the reservoir of injected holes is 
depleted and the den.sity of holes near the 
positive electrode decreases. Hence, the effect 
of the external magnetic field should diminish 
as the voltage across the crystal is increased, 
as is observed. 

The effect of a magnetic field on triplet 
exciton annihilation by paramagnetic centers 
(free radicals) and the theory of the interaction 
were discussed by Ern and Merrifield[16]. A 
trapped hole (or electron) has a spin of ±i and 
thus may act like a pai'amagnetic center. The 
resonances occur at orientations for which 
= IT. 16]. Since the field orienta- 
tion dependence of IT is due to the zero field 
splitting parameters of the triplet excitons 
only, the resonance orientations can also be 
calculated by equation ( I ). The same result 
IS obtained from equation (4) of Ref. [16] 
which, however, is written in terms of the 
crysta/ zero-field splitting tensor. 

The ani.sotropy and negative sign of the 
effect of fl on MU in Fig. 2 thus supports the 
contention made above that the magnetic 
effect is due to a decreased interaction be- 
tween triplet excitons and holes. The reson- 
ances for triplet-triplet and triplet-electron 
interactions are the same and these processes 
cannot be distinguished by the magnetic field 
anisotropy alone. 

In conclusion, it is apparent that the use of 
magnetic field in photoconductivity studies is 
invaluable in assessing the role played by 
triplet excitons. particularly in their inter- 
action with carriers. Further detailed studies 
may also provide information about the dif- 
fusion length of the triplet exciton and the 
spatial distribution of traps. 

AvhwwteJgemcm - We would like to express our 
gralitiide to Prnl'e.s,sor M FursI for helpful discussions 
and to Mr ( Penn for his technical assistance. 
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THE ANNEALING OF THE EPR-SIGNAL 
PRODUCED IN SILICON BY PLASTIC 
DEFORMATION 
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Abstract- In silicon an EPR signal is produced by plastic deformalion. The annealing behavior of 
this signal has been investigated, and the dislocation density and structure has been studied by the 
etch pit technique and by electron microscopy. The EPR-signal anneals in one stage with an activation 
energy of (l'36±0T)eV, and the dislocation structure is fundamentally altered. This change, which is 
probably caused by diffusion of divacancics, is considered responsible for the observed decrease of 
the EPR-signal. 


I. INTRODUCTION 

In 1965 Alexander ef a/.[ I] found an EPR- 
signal in silicon, which had been produced by 
plastic deformation and whose magnitude was 
proportional to the dislocation density. The 
signal was almost isotropic with a ^r-value of 
2'0043 ±0'0009 and a linewidth of 1 1 Oe. The 
authors supposed, that the signal occurs, if 
there are unpaired electrons in the cores of 
dislocations. 

The above experiments were made with 
single-crystals, which had been deformed at 
constant load at relatively low temperatures. 
In order to decide whether there was a small 
anisotropy of the signal, it was of prime 
importance to investigate crystals with a high 
dislocation density and a dislocation structure 
which was as anisotropic as possible. The 
latter can be produced by predominant slip 
on one slip system. Dynamic deformation 
(with constant cross-head speed) at higher 


‘Present address, Ahleilung fiir Metallphysik im II 
Pbysikaliscben Institut der Universitat zu Koln, (.S) 
Kciln4l, Universitatsstr. 14 Germany. 

tPrcsenl address: 2 Physikalisches Institut der Tech- 
nischen Hochschule, .'ll Aachen 1, Templergraben 55, 
Germany. 


temperatures seemed to be promising in this 
respect. Such experiments were performed 
between 800 and 1 1 25°C. An unexpected 
result was obtained: crystals, which were 
deformed at different temperatures r,,. until 
they had the same dislocation density Nt. 
showed that the intensity / of the resonance 
signal increased inversely to the temperature. 
Figure 1 illustrates the relative intensity 



Fig. 1. The ratio of signal intensity I and dislocation 
density N (arbitrary units) vs. deformation temperature 
T,.. O from (I); A statically deformed crystals; 3- dynami- 
cally deformed crystals. 


tThe etch pit density revealed by using SinI's etch 
|2) is taken as A/. 
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IlN of the signal as a function of T,,. The 
EPR data obtained from statically deformed 
crystals in former experiments fit into the 
same llN-T,. curve as those of the dynami- 
cally deformed crystals. The scattering of the 
values about the /(/V)- curve in Ref. [1] 
(Fig. 2) turns out to be a result of the different 
deformation temperatures used in the experi- 
ments reported. No signal was found at T,. > 
895T. In the light of these results, one has 
to assume that the signal-producing centers 
anneal during the deformation and the follow- 
ing time of cooling. The degree of annealing 
depends on T,.. To achieve a high relative 
signal intensity the temperature of deformation 
must be as low as possible. Although the 
deformation rate increases at higher tempera- 
tures the decrease in time during which the 
crystal is at high temperatures is overcompen- 
sated by the ctfect of accelerated annealing. 
The lower limit of the deformation tempera- 
ture is about 75()°C (because of the brittle- 
ductile transition). 

□ en’c • TTfK 



t ig, 2 Isothermal annealing curves. III,,, relative signal 
intensity; t,i : annealing time. 


A precise investigation of the annealing 
process was considered important to identify 
the centers which produced the EPR signal. 
This is the purpose of this paper. Uniformally 
deformed samples were tempered in vacuum 
isothermally or isochronally. The intensity 
of the EPR-signal was measured after each 
stage of annealing and the result analysed 
according to Meechan and Brinkman [3]. 


2. EXI^RIMENTAL 

A single crystal* grown by floating zone 
was sawn into samples of square cross-section 
3x3xl7mm“ (doping; 5 . 10‘* atoms of 
B/cm*, resistivity: 400(1 cm at 20°C). The 
density of grown-in dislocations was about 
I0‘'cm"“. The specimen axes were parallel to 
(123), one pair of sides being (111). After 
mechanical and chemical polishing the samples 
were deformed by static compression at 
770°C in an apparatus described elsewhere 
|4]. Forming gas (8% Hj, 92% Nj purest) 
served as an inert protecting atmosphere. The 
creep curve passed into the range of hardening 
(II per cent shear strain) at a resolved shear 
stress on the primary glide system of 1-6 kg/ 
mm^, where the corresponding dislocation 
density was A/ = (5 ± 1) . 10" cm~^. The time of 
cooling after the deformation was shortened 
to some minutes by opening the furnace, 
during this time the crystal was kept under 
load. The intensities of the signal /„ after 
deformation differed from crystal to crystal 
by no more than 8 per cent. A quartz glass 
tube evacuated to I0"’torr was used for 
annealing. A pre-heated cylindrical furnace 
could be pushed over the tube, the temperature 
being measured by a thermocouple situated 
close to the sample. The increase of tempera- 
ture was ob.served until the annealing tempera- 
ture was attained (after 5 min), so that the 
amount of annealing during this period could 
be taken into account. This correction was 
noticeable only for temperatures above 
SOOT, 

The EPR was measured with a Varian 
spectrometer V-4500 at a frequency of 9 3 
GFIz, The sample was situated on a quartz 
support together with a standard sample (Si 
with 2- 10'^ atoms of P/cm") in the coolant 
(liquid hydrogen at 20'4°K). The magnetic 
field was modulated with 1 00 kHz, and the 
differentiated absorption curve was recorded. 
In general the intensity / of the signal, i.e. the 


*We are indebted to the AEG Research Institute for 
giving us the crystal. 
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ordinate of the maximum of the absorption 
curve, must be determined by integrating the 
differentiated curve with respect to H. If the 
shape of the absorption line does not alter 
(as in our case), / is proportional to the differ- 
ence in slope at the inflection points of the 
absorption curve, i.e. proportional to the 
difference between the ordinates of the 
maxima of the differentiated curve. It was 
shown by repeated grinding: the signal 
decreases with the mass and is therefore not 
produced preferentially by surface layers. 
Thus, / can be suitably related to the unit of 
mass of the sample. 

3. RESULTS 

(a) The activation energy of the annealing 
process 

12 samples were tempered isolhermally 
at 8 temperatures between 675 and 850^ 
(Fig. 2). The variation of the intensity / 
after tempering, divided by its initial value 
/(,, during the time of tempering could be well 
reproduced. The limit of detection of this 
signal was 10 per cent of the initial intensity. 
4 samples were tempered isochronally (Fig. 3). 
The isochrone showed only one stage of 
annealing. The analysis of these curves was 
performed according to Meechan and 
Brinkman [3]. This method is independent 
of whether the centers that produce the signal 
migrate through the lattice until they become 
inactive at a sink, or lattice defects migrate 



Fig. 3. IsochronDt annealing curves; tll„. relative .signal 
intensity; Tg. annealing temperature. 


to the centers and ‘poison’ them. If the 
migration through the lattice can be activated 
by a single energy £, the general formula 

( 1 ) 

is valid (n: density of active centers). The 
function /(«) must be monotonic. The 
relation between the density of centers and 
the intensity of signal / = Hn) must be single 
valued and monotonic. Then 

f = ^/(n)e-"'*-'' = f(«)e'^-^. (2) 

The activation energy E of migration can be 
determined either by a family of isotherms or 
by a combination of one isotherm and of one 
isochrone. If equations ( l)and (2) are justified, 
then: 

f' — — -^Q-virTt (3) 

Find)) 

and for intersections through the family of 
isotherms with ///oas a parameter 

Q-KlkTf _ f) (4) 

is valid W: a constant depending on ///n). 
Figure 4 shows the resultant logarithmic 
straight lines with the slope £ = (1'37±0T) 
eV. A plot of ///„ vs, e combines all the iso- 
therms to one “reduced isotherm”: 

f = l-Cd-e-''"") (5) 

M) 

withC = l-3and£„= 10“^sec MFig. 5). 

From combining pairs of one isotherm and 
one isochrone one obtains £ = ()-35±01) 
eV. So it can be concluded that the migration 
through the lattice, on which is based the 
annealing of the signal, can be described by 
an Arrhenius formula with a distinct activa- 
tion energy of ( 1 - 36 ± O' 1) eV. 
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Fig 4 The annealing time f, as a functioiiorihc annealing 
teniperaiure 7 , (trinn Fig 3) Parameter ol the turves; 
lll« 



(b) Density and stnnture of dislocations 

The dislocalion density N was determined 
with an electron microscope before and after 
tempering by shadowed replicas of an etched 
(111) side face. It remained constant within 
the accuracy of the method (20 per cent). 
However, whereas before tempering the 
etch pits were homogeneously spread over 
the surface (without taking into account the 
arrangement in slip lines), after tempering 
they formed a cell-like structure: areas of 
10-20 jam dia. with few etch pits were 
surrounded by walls of about 1 fim thickness 
containing 10 times as many pits. 

A sample tempered and afterwards de- 
formed for a second time showed fresh slip 
lines which were superimposed on these cells. 

The dislocation structure in the interior of 


the crystals was investigated by transmission 
electron microscopy (TEM) using slices cut 
parallel to the primary glide plane (iTl). Two 
samples used for determining the activation 
energy were investigated. Figure 6(a) shows 
the dislocations after standard deformation. 
The arrow (parallel to [Oil]) marks the direc- 
tion of the primary system burgers vector. 
One can also see a kind of cell structure. 
Dense arrangements of dislocations form 
nearly straight tangles parallel to both the 
[110] and [101] directions. The dislocations 
are predominantly of edge type, but they show 
numerous bent segments. The tangles, 0-5- 
I (um thick, form the boundaries of the cells 
which are i-S jim in dia. and contain few 
dislocations. A completely different structure 
(compare Fig. 6(b)) is to be seen after temper- 
ing for 40 min at 825°C (///^) = 0-2). The above 
two <l!0> directions in the primary glide 
plane are shown again. However, in this case 
straight 60“-dislocalions of about lOOjxm 
length were parallel to these directions. These 
dislocations form groups separated from each 
other by about 10 /xm. Sometimes they form 
dense bundles which cannot be resolved. An 
accurate determination of the dislocation 
density was not possible neither in Fig. 6(a) 
nor in Fig. 6(b). It is certain, however, that by 
annealing N is not diminished in the same 
degree as the intensity of the signal. 

4. DISCI/SBIOIV 

Without doubt the FPR-signal in que.stion is 
produced by plastic deformation,* (See folio 
1387.) The thermal treatment which is con- 
nected with the deformation does not partici- 
pate in the production (as the reference sample 
shows), but it even causes a partial reduction 
of the signal intensity. One sample, which was 
redeformed after an annealing process showed 
the same signal which was nearly as strong 
after the second deformation as after the first 
one. Thus the signal produced is independent 
of the thermal and plastic history of the 
sample. 

Of all the lattice defects which are caused 
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by plastic deformation (dislocations, vacan- 
cies, interstitial atoms, difFused-in foreign 
atoms, and combinations of these defects), we 
consider dislocations responsible for the signal 
for the following reasons: 

( 1 ) Crystals deformed at the same tempera- 
ture show an intensity of the EPR signal 
proportional to the dislocation density [1]. 

(2) The EPR-spectra of the most simple 
lattice defects are known[5] and are different 
from ours. 

(3) In the range of doping investigated so 
far, {B up to 1-6. lO'^cm ^ P: 2 . 10‘*cm ’) 
the resonance signal occurs independently 
of the doping material and the crystal growth 
technique (i.e. floating zone or crucible). 
These facts suggest an intrinsic lattice defect. 

For the reduction during annealing in the 
EPR caused by the dislocations or by certain 
sections of them the following processes must 
be considered: 

(a) The tempering may reduce the density of 
dislocations; (b) lattice defects (e.g. foreign 
atoms) may diffuse to the active centers on 
the dislocations and inactivate them; (c) it is 
possible that only certain types of dislocations, 
i.e. dislocations of certain orientations with 
respect to the burgers vector, cause a signal. A 
variation in the spectrum of the dislocation 
types during the annealing process may then 
make the signal disappear; (d) jogs and kinks 
in the dislocations could be the centers which 
cause the signal. Their density may also 
decrease by annealing without a variation of 
the dislocation density. 

cf. (a) Both the counting of etch pits as well 
as the TEM exposures taken up until now 
show that the dislocation density does not 
decrease to the same degree as the signal 
intensity. This process cannot explain the 
recovery. 

cf. (b) Our investigations have not sugges- 
ted up till now, that a defect, which diffuses 
from the lattice to the dislocations and segre- 
gates there, inactivates the resonance centers. 
After the standard deformation the crystal 
contains about 2- 10‘‘'cm^'' active resonance 
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centers! 1]. It is possible that during annealing 
the crystal absorbs foreign atoms of a con- 
centration which is comparable with this 
value. If these atoms were responsible for the 
disappearance of the signal, it is improbable 
that in this now homogeneously impure crystal 
as many active centers should be present 
after the second deformation as after the first. 

As a test of the model (b) one may derive 
from the kinetics of the annealing of the signal 
(5) the kinetics of the hypothetical precipita- 
tion to the dislocations. If one assumes, that 
the number of precipitated defects is propor- 
tional to the number of inactivated centers, 
from (5) follows the fraction w of defects 
precipitated to dislocations 

j,, I_e-w= (6) 

This relationship indeed fits Ham’s theory 
of precipitation of lattice defects to disloca- 
tions[6, 7j, where A(7') = A//) {\u‘ = 2TrN\ 
I) = dift'usion coefficient of the defect). If 
one puts from our results: D = D„exp(- 1'36 
eV/kT) and N = ^ . 10* cm'^ the preexponen- 
tial factor is 3 . lO^’cm'^sec. This value is 
about 2.10* times smaller than the normally 
accepted value (calculated from the Debye 
frequency and entropy of migration ~ k). 

cf. (c) and (d) The observed change of 
dislocation structure on the primary slip 
plane after tempering for 40 min is surprisingly 
strong if one considers the relatively low 
annealing temperature of 825°C. It causes a 
marked mechanical recovery of the crystal 
(8]. Predominantly straight dislocations with 
burgers vectors at 60° angles to their lengths 
are produced by tempering (Fig. 6(b)). Most 
probably the density of the ‘singularities' in 
the dislocation lines (jogs, kinks) decreases as 
well: The dislocations lose jogs by absorbing 
the divacancies produced during the deforma- 
tion, whereas the relatively low number of 
curved dislocations as compared to long 
straight ones in the micrographs shows the 
decrease of the kink density. In this context 
the results of Khiznichenko et (//.[9] should 
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be mentioned. These authors found a maxi- 
mum of internal friction at 110°K and 250 Hz 
in silicon and they assume that this is due to 
the movement of kinks along dislocations. The 
height of the internal friction maximum de- 
creases by 50 per cent during a thermal 
treatment equivalent to ours. This also 
indicates that a strong decrease of the kink 
density is caused by our annealing. Whether 
or not the parallel decrease of the density of 
jogs and kinks with the intensity of the EPR- 
signal is coincidental (process (d)), cannot 
be decided until a detailed theory of the dis- 
locations jogs or kinks as EPR centers has 
been developed. 

Process (c) could also be responsible for the 
disappearance of the EPR-signal as shown by 
our electron micrographs. It .seems plausible 
that a dislocation with a burgers vector at 
60° angle to its length would show a barely 
detectable EPR signal because of broadening 
by the spin-spin interaction between closely 
neighbouring unpaired electrons (separation 
of dangling bonds 4 A). The unpaired elec- 
trons are more distant from each other along 
dislocations having an angle smaller than 60° 
between their burgers vector and length so 
that a narrower signal can be expected. 

If we assume that the variation of (he dis- 
location structure according to one of the 
processes (c) or (d) causes the signal to 
disappear, then the meaning of the measured 
activation energy of I'.lbeV has to be 
considered. The following formula describes 
the motion of dislocations in their glide 
plane, which has taken place as is evident 
from Figs. 6ta) and 6(b): 

r = fl.,r,rre (7) 

(v: dislocation velocity, effective shear 
stress at the dislocation. B„ = 4. lO'mm'Vkg 
sec, 0 = 2-2eV)[10). Considerable internal 
stresses which can give rise to dislocation 
motion even in the unloaded crystal are 
caused by the dislocation density attained 
(1()“ to 5.10“cm"^). Using our previous 


assumption we are forced to conclude, from 
the activation energy of 1-36 eV, that for the 
motion of dislocations in the unloaded 
crystal a second process must take place 
apart from that of thermally activated motion 
in the glide plane described in equation (7). 
In the range of temperature and dislocation 
density considered here this second process 
must be the slower one determining the 
velocity despite its smaller activation energy*. 
Here the motion of divacancies which 
are produced in the diamond lattice during 
deformation, to the dislocations must be 
considered. The absorption of takes place 
at the jogs and causes more or less localized 
climb. This on the one hand diminishes the 
jog density, as demanded by (d). on the 
other hand it can exhaust obstacles for 
the conservative motion of dislocations 
and thereby can be a starting mechanism for 
the annealing process described in (c). Using 
different methods [ 1 1, 12), values between 
1-2 and l'3eV are determined for the migra- 
tion energy of the divacancies. According to 
these results divacancies already anneal in 
about 1 5 min below 300°C, and may not 
endure the post-deformation cooling period 
as a free defect, t 

Cheng el al. [12] found a dependence of the 
annealing of the divacancies on the oxygen 
content in their samples and concluded that 
the divacancies disappeared by forming 
complexes with 0-atoms. These complexes 
can dissociate at higher temperatures and set 
free divacancies. The composite process of 
dissociation of the complexes and migration 
of the freed divacancies to the dislocations 
has a higher activation energy (l'36eV?) 
than the migration of a divacancy to the next 
0-atom ( 1-2 eV). 


*An invesligation describing the development of the 
dislocation structure during annealing is under way[8]. 

tThis is consistent with the negative result of our 
attempt to find the EPR signal of the positively charged 
divacancies after deformation. To guarantee the necessary 
state of charge of the divacancies, Si heavier doped with 
B ( 1-6 ■ 10'“ cm"") was used for this experiment. 
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The EPR centers investigated by us had a 
half life time of 140 min at 700°C. From 
this results an average diffusion length given 
by 

v7= V2D.t = 7-5.10<a (8) 

(a = distance of a single jump) with the usual 
pre-exponential factor. This is about 100 
times longer than the average distance of 
dislocations in our samples. This means the 
same as the above mentioned comparison of 
K{T) with D„ from Ham’s theory: the time 
constant of our process is rather large regard- 
ing the activation energy and the dislocation 
distances. 

5. CONCLUSION 

The EPR signal produced by plastic 
deformation in silicon anneals in one stage 
with an activation energy of (I -36 ±0-1) 
eV in material weakly doped with B grown 
by the floating zone method. In the course of 
annealing which reduces the signal intensity 
below the limit of detection (10 per cent 
of the initial value) the dislocation struc- 
ture on the primary glide plane is fundamen- 
tally altered. This change is considered 
responsible for the disappearance of the EPR- 
signal. Probably the diffusion of the divacan- 
cies produced by deformation to the disloca- 
tions is decisive for the motion of the 
dislocations. 
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Abstract -The small polaron migration theory is applied to the problem of reorientation and diffusion 
of Fj-centers in alkali halides. The Huang-Rhys S factor is calculated for 60°. 90° and 180° jumps 
of Fj-centers in function of the displacement of the two halogen ions of the FA-cenler Activation 


energy, jump frequency and the tunnel effect arc 
agreement with experimental data. 

I. INTRODUCTION 

Since the first work of Castnerand Kanzig[l] 
which established the existence of the self- 
trapped hole, the so-called -center, in alkali 
halide crystals X-rayed at low temperature, 
many properties of this new hole center have 
been studied optically and by ESR technique. 

Among these the migration study of V^- 
cenlers carried out by Murray and Keller 
[2-4J on several alkali halides is of consider- 
able interest. KA-centers are oriented along a 
particular direction in the crystal by bleaching 
with linearly polarized light in the Fa absorp- 
tion band. Then by studying the anisotropy of 
optical absorption and of ESR, Murray and 
Keller [2] established that ihe FA-centers 
reorient preferentially through 60° jumps to 
one of its 8 adjacent sites, a jump of 90° 
being negligible. A subsequent study [3] 
indicated that 180° jump was also negligible 
in the temperature range studied. 

In this range of temperature, around 90°K 
for KI and around 150°K for KCI, the Jump 
motion is characterized by an activation 
energy which is typically a few tenth of 
eV[2-4]. 

On the other hand an approximate tempera- 
ture independent afterglow is observed at 
much lower temperature range. This afterglow 
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evaluated for KI and KCI. there is a satisfactory 

was found anisotropic and Delbecq et a/. [5] 
attributed this to a ‘tunneling’ of the hole 
along the Fa axis. 

In this paper we propose an interpretation 
of these data based on the small polaron 
theory. The possibility of applying the polaron 
theory was previously hinted by Murray and 
Keller[3]. 

The small polaron migration was studied 
by Yamashita and Kurosawa[6. 7] for the 
problem of electrical conductivity of NiO. 
while Holstein [8] studied this question 
extensively with a linear molecular chain. 
Applying the polaron theory to FA-centers 
may seem questionable at first sight. As 
shown in a previous paperl9] we have shown 
that for the stabilization of a trapped hole 
between two halogen ions, the molecular 
binding between the two ions is more decisive 
than the polarization of the lattice by the 
hole. Beside optical phonons, which is 
represented by the polarization of the lattice 
around the hole, acoustical phonons should 
contribute to the stabilization through mo- 
lecular binding. In this sense the FA-center 
may be looked on as a polaron with important 
acoustical phonon contribution. 

In Section 2ta) we will present briefly the 
theory of Yamashita and Kurasawa adapted 
for FA-center. Calculation of Huang-Rhys 
S factor for 60°, 90° and 1 80° jumps will be 
given in Section 2(b). We will show that the 
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jump probability decreases sharply in this 
order. In Section 2(c) we will study the 
temperature dependence of the jump prob- 
ability for the entire temperature range and 
define such quantities as the activation 
energy, the jump frequency and the relative 
intensity of the tunnel effect at very low 
temperature. In Sections 3(a) and 3(h) we 
will evaluate these quantities for Kl and KCI 
and compare these results with the experi- 
mental data. In spite of the very approximate 
nature of the parameters used there is a quali- 
tative agreement between them. We finally 
will discuss in Section 4 some of the basic 
assumptions of the theory of Y -K. 

2. THEORY 

(a) Small poliimn migration theory 

We present here very briefly the e.ssential 
results of the theory of small polaron migra- 
tion due to Y-K|61. 

The Hamiltonian of the system consisting 
of a hole and the lattice can be written 
in the following way: 

H - //(i+ //(ni 
= //,./ + /// 

where 

H,, = -^ + U(r-~0)-¥U{r-{Y) (I) 

and //, is the perfect lattice Hamiltonian in 
which the potential energy is written in terms 
of the lattice point displacements AR, in the 
harmonic approximation. 

U{r — ()] is the potential of the halogen ion 
located at 0 which the hole of the f'ft-center 
sees. 

The interaction Hamiltonian consists of 
two parts: 

//,„, = W.-f//, (2) 

H, = V' V{r-R,) 

+ 5„„,l"'R„,,.(AR„.-A/?„)/|fe„„.| (3) 


where 

6„„. is the usual Kronecker’s delta 
and 

6„„: = 1 if n and n' are nearest neighbours 
0 otherwise 

V and V are respectively the first deriva- 
tives with respect to the distance between 
the ions of the self-energy and the transfer 
energy of the hole. 

Hi is the remaining terms in the crystal 
potential after the deduction of t/(r— 0) and 
f/(r-0'). 

Instead of employing the continuum model 
as did Y-K[6] we expressed the electron- 
lattice interaction term explicitly in terms 
of a few ionic displacements directly con- 
cerned [9. 10] 

We have previously used this model to 
study the relative stability of one-center 
trapped and two-center trapped electron [9]. 
We found that for the -center stability, 
against the one-center trapped configuration, 
y 5.- W is necessary for most of the cases 
studied. 

The essential point in the theory of migra- 
tion of Y-K is to assume that H^ is more 
important than H, and treat H^ in zeroth- 
order while H, is considered as a small 
perturbation. This may be qualitatively the 
case for K^-centers in alkali halides, because 
fVcenters may be considered localized on 
ionic sites, though this is not a stationary 
state of the system. The role of //, is then 
to provoke transitions between the eigen- 
states of H„ + H., centered on different sites. 

In our previous work [9] we have solved 
the Schrodinger equation approximately, in 
which the hole wave function was of following 
form: 

'ITr) = ^[d>(r-0)+d>(r-0')]. (4) 

The Schrodinger equation was then solved 
by variational method with AR, as varia- 
tional parameters. We thus obtained the lattice 
relaxation around the hole directly. 
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The transition probability of the whole 
system, the hole and the relaxed lattice 
around it, to jump from one site to another 
is given by equation (45) of Y-K(6]. 

lV = ^|jr^exp{-5(2n + l)}^ 

Xl„{2SVn{n+l)} (5) 

where w is a suitable mean frequency of all 
phonons contributing to the jump, 

n = l/[exp (hoilkT) - 1] 

is the phonon distribution function, 

J = jnr-R„]H,^(r-R„„,)dr (6) 

is the transfer energy between two adjacent 
Vii wave functions. 

q.w=I'2 

0 ) 

is the well-known Huang-Rhys factor*, 
being the displacement of the real 
normal coordinates[ll] due to the local 
relaxation of lattice. Their relation to ARj 
will be given in the next section. 

/i, is the modified Bessel function of order 
zero. This part of the above expression comes 
directly from the original formula of Huang 
and Rhys [1 2] by putting the number of net 
absorbed (or emitted) phonons p = 0, because 
during the jump of a k'^-center from R,„ to 
/^,„+i the net population of phonons is not 
altered. 

(b) Calculation ofS factor 
We will evaluate S factor for three cases 


‘The formula |28] of Y-K[6| giving the dehnition of 
the S factor is in error, n in the denominator should be 
dropped. This is also the case with the formula [I2.5J of 
Appel [15]. 

In the original definition 14-2 1] of Huang and Rhys 
1 1 2 1. A should be brought from numerator to denominator. 


for which the angles between the initial and 
the final axis are respectively 60°, 90° and 
180°. 

First we calculate the displacement 6Q, of 
the normal coordinate for only a small number 
of lattice points relaxation, namely that of the 
two halogen ions forming the Krcenter: 
A (Fig. I). Relaxations of more ions should 
be included to obtain a better estimation of 



0 Alkoli ion 
• Holoqen Ion 

Fig. I. Displacement of ions around a l-'»-center We 
have taken into account only A of the two halogenjons 
60" pimp: 1 1 10) -» (01 1 ). 90“ jump (110)-* (1 10): 

IK0"jump. (I10)-*(I10) 

the S factor, however this entails a con- 
siderably lengthy calculation. Though these 
lattice relaxations can be calculated theoreti- 
cally (9, 10. 13] the calculated values are 
not very reliable and they are not available 
in general. We know at best approximate 
values of the equilibrium distance of free 
Y 2 ' from Person’s work[14]. from which we 
can deduce approximate values of A. We thus 
limited the lattice points displacements to 
that of the two halogen ions. 

We believe that phonons other than the 
longitudinal optical ones contribute to the 
stabilization of the K,,-center, However, in 
order to simplify our calculation we will 
consider only the longitudinal optical phonons 
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whose frequency will be considered constant 
and set equal to (o. 

8Q is related to the lattice point displace- 
ment ^R) through the following definition f 1 2]; 

SQ. = ^(8CV + '8CV) 



where 

the reduced 
mass 

AXj ^ AR,“ - ARj ' the displace- 

ment of the 
halogen ion 
relative to the 
alkali ion. 

N is the total number of unit cells in the crystal. 
f)Q,i as defined above can be expressed 
immediately in terms of A. 'I he exact summa- 
tion over q in the first Brillouin zone is 
lengthy to perform, so we have replaced the 
Brillouin zone by a sphere of equal volume 
with radius (/„; 

hence 

t/,i -- -(37r'-)''‘‘. 

(I 

I his. then permit a straightforward integration 
in |t/| and we obtain the following results: 

htr, .S=0,8K81 WcuoA- 
W: A- l,48.‘i8/Wa)oA^ (9) 

180°: .S' =2.6982 Mw„A' 

where M is expressed in atomic weight 
o;„ in unit of I O'-' 

A in unit of Angstrom. 

As we see the critical parameter in the S 


factor is the lattice displacement A. We will 
evaluate S factors from these expressions in 
Section 3(a). We can conclude without further 
numerical calculation that 60° jump is more 
favorable than other processes. 

2(c) Variation of the transition probability 
with temperature 

The variation of the transition probability 
with temperature is discussed in the review 
article of Appel [15] on polaron. 

We are not going into the detail of this 
problem, but derive a few quantities which we 
need for the analysis of the experimental 
data in the next section. As we will shortly 
see. a typical value of S is found to be situated 
between 50 ~ 100 for T* -centers in alkali 
halides (compared to about 20 - 30 for 
/■’-centers). 

Table I gives the value of the temperature 
dependent factor of the transition probability 
for S - 100. Figure 2 shows the variation of 
logfF with temperature (in fuaIkT). It is 
well-known that two distinct regions of 
temperature can be definedlS, 15]. In the high 
temperature region. fuuIkT < 1, one can 

Table I. Variation of the 
transition probability W with 
temperature; W„(T) = exp. 
(-.S'(2/i-t-ll)/„[2SV/i(n-FI)} 
forA= 100 


hwlkl 

K 


X 

3-7x 10-^' 

-100 

10 

l-Ox 10 *■' 

- 99- 002 

s 

2’9x 10 

- 97-9.35 

6 

(v2x 10 ■" 

- 92-57.3 

s 

4-4 X 10 

- 87-131 

4 

S-7X 10 » 

- 80-733 

3 

l-.Sx 10 

- 6f)-3()0 

7 

3-6 X 10'" 

- 49 .363 

1 4 

8-7 X lO'” 

- .36-981 

1-2 

7 Ox 10'’^ 

- 32 -.589 

10 

fvftX 10 " 

- 28-041 

n-s 

6-9 X 10'" 

- 23-396 

0-2 

9-0 X 10 ■’ 

- 9-317 

01 

7-6 X 10 ’ 

- 7-187 

0-02 

2-4 X lO -' 

- 6-022 

001 

21 X 10" 

- 6-176 
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Eig. 2. Variation ol'ihe transition probability If with temperature. 
Log If IS charted against hulkT. Dashed straight line shows that 
an activation energy can be defined at high temperature region. 
fiulkT ^ 1. For low temperature. fiwIkT > 8, log If is almost 
independent of lemperalurc 5 = 100. 


define an ‘activation energy' and a jump 
frequency, while for ^ > hmIkT > 8. log W i.s 
practically temperature independent. 

Using the asymptotic development of 
the modified Bessel function [161 the transi- 
tion probability can be put in the following 
form in the limit of high temperature. 
fmlkl 0: 


W = C 

(10) 

27t1^ 

(11) 

6 6(0 V 4it5 

II 

r 



can be regarded as an activation energy if 
we assume that p is constant over a limited 
interval of temperature, which is reasonable 
tor the analysis of experimental data, v is 
then the jump frequency. However as we will 
see in the next section, the measurements are 
taken in the temperature region where 
fuolkl' is typically =2. In this region the 
deviation of the exact formula[5] from the 
asymptotic form is considerable and we must 
take the derivative of loglV(l/A7) as the 


activation energy. The jump frequency also 
should be calculated locally. As is shown 
in Fig. 2. W attains the maximum at fuo/kT 
= 2/5 before going to zero at htalkT = 0, The 
maximum point is situated at 601/^7 = 0.02 
for 5 = 100. The experimentally interesting 
region is thus very far from this point. 

The next quantity we will define is the tem- 
perature at which the asymptotic expression 
of 1^(7)110] gives the value for very low 
temperature. This temperature may be con- 
sidered characteristic of the 'tunnel effect' 
of F^-centers. as the migration is approxi- 
mately temperature independent in this region 
of temperature. 6WA 7 > 8. 

The definition of Tc is evident from Fig. 2. 
and we put 

hwjkT^ _ P'S 

47rS ® 

which gives 
kTc 

Sfia • 

4(5-1- j log (fi<olkIc) log 5 -2 log (45r)) 

= ^ for large values Of 5 U-1 
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Tc is thus approximately independent of the 
value of 5, for large values of 5. 

3. COMPARISON WITH KXPERIMENTS 
(a) Preferential jump ofSvrt'enters 

In a series of experiments on f'/f-centers in 
KCI12I and Kl[3] Murray and Keller have 
established that the migration of k'*-centers in 
the temperature range studied (AT = 20°). 
slightly below the respective decay tempera- 
ture (- I10°K for Kl and -200°K for KCI) 
was by a succession of 60° jumps, with one of 
the two halogen ions remaining in the new 
F^-center. 90“ jumps were eliminated quite 
easily through optical anisotropy study. 
Possibility of F^-centers migrating along the 
axis ( 180° jumps) was examincdl.3] by study- 
ing (he isothermal decrease of the principal 
I'j absorption band and of the afterglow which 
is due to the recombination of migrating 
F/, -center with impurity trapped electron. 
Assuming that the jump frequency is not 
greatly diflerent for a 60" jump and a 180° 
jump, which is a sound hypothesis as we will 
see in Section 4. they have concluded that at 
(he temperature range studied 180° jump is 
cither negligibly small or has approximately 
equal activation energy. In this section we will 
discuss these results and evaluate the activa- 
tion energy E,, and the jump frequency e. We 
will study KCI and Kl for which precise data 
arc available. 

The most important parameter we need is 
the amount of the displacement of the two 
halogen ions. The values proposed by Person 
fl4] give some indication. As we neglect 
other relaxations, which renders a quantitative 
calculation impossible, we will contend with 
the values proposed by Person for free Aj". 

From the expression (9) we obtain the 
following results: 

Kl 

a) = 2-7xl0‘"/sec[18] 

A = 0’925 A(14} 

5(60°) = 61 


KCI 

w = 4'02XIO'ni81 
A = 0-925 A [14] 

5(60°) = 57. 

We have not given the corresponding values 
for 90° and 1 80° jumps, as they are immedi- 
ately evaluated from (9). They are roughly 2 
times and 3 times that of 60° respectively. 
The temperature range in which the measure- 
ments were undertaken is respectively 
85~105°K for KI[3] and I50~170°K 
for KCI[2j. This is equivalent, in unit of 
hbilkT. respectively to 2-42 - 1-96 and 
2-05 - 1-81, We are in the region where the 
activation energy can be defined though it is 
slightly dependent on temperature. 

Following the remarks we have given in the 
previous section, we have evaluated locally, 
at hwIkT = 2, the activation energy for 60° 
jumps. We also give in the parenthesis the 
values for the high temperature limit. 

Kl 

E„ = 0-21 eV (0-27 eV) . E,r' = 0-27 eV [3] 
KCI 

E„ = 0-29 eV (0-37 eV) . =0-54 eV [21. 

The calculated values arc in good qualitative 
agreement with experimental data in spite of 
simplifications we have adopted. From these 
values we can conclude that the 5 factor has 
values several times larger than in the case 
of f-centers in alkali halides. Yamashita and 
Kurosawa|6] have obtained 5 = 10 for a one- 
center trapped hole in NaCI using their 
continuum model. 

The activation energies for 90° and 180° 
jumps are respectively 0-42 eV and 0-77 eV 
for Kl according to our calculation. This 
means that in the temperature range studied. 
90° and 1 80° jumps are quite negligible com- 
pared to that with 60° reorientation. However, 
because of the simplification we brought in 
this evaluation, in particular the neglect 
of lattice point relaxations other than those 
of the two halogen ions, we can not make 
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quantitative comparison between these 
processes. The relaxation of the two halogen 
ions being the most important, we think that 
the influence of other ions would not be such 
that the qualitative conclusion we draw should 
be modified. 

We now evaluate the jump frequency v 
according to our definition given in the 
previous section. Instead of the expression 
[11] which is valid only in the limit of high 
temperature, we draw a straight line tangent 
to \ogW{\lkT) and from the ordinate at the 
origin we obtain the jump frequency. To 
evaluate this quantity we need J. the transfer 
energy. This quantity is difficult to estimate 
without a reliable potential. Instead we put 
J = 0,1 eV, which is derived from the experi- 
mental values of band-width of KC1[17]. In 
this way the following value is obtained: 

11 = 2x lO'Tsec"' 

with 

J = 0,]e\'.h<olkT = 2 

w = 4X lO'Tsec"' 

this value can be compared favourably with 
1 / = .‘^ X 10'“ see'' [2], However, because of the 
uncertainty in the value of J we have em- 
ployed, this result is only indicative as to the 
order of magnitude. 

(b) Anisotropic tunneling effect at low tem- 
perature 

Persistent afterglow was observed at low 
temperature by Delbecq et «/. [5] and Murray 
and Keller[3] in KCl[Ag] and K1[T1] re- 
spectively. This luminescence is approxi- 
mately temperature independent from 5°K up 
to about 75°K for KI and IWK for KCl. 
This luminescence was found to be due to the 
recombination of TJ^-centers and impurity- 
trapped electrons. Preoriented K^-centers 
give rise to polarized luminescence which 
Delbecq et ti/.f5] have attributed to the 
tunneling effect of holes along the axis. 

In this section we study this phenomenon 
and examine whether the axial migration of 


hole may predominate the 60“ jump at these 
temperatures. 

As Fig. 2 shows, a constant activation 
energy can be defined only for region where 
hbilkT < 1 . For lower temperature the exact 
curve departs considerably from the straight 
line. For a small interval of temperature, 
however, one can attribute this departure to 
a ‘tunneling effect’ as did Murray and Keller 
[3], In the case of our example with 5 = 100. 
we find the following: 

£'„ = 23fi<o(atMitT= 1) 

W= lF„(e-“'''‘"*’'-(- S) at Ml^T= 1-4 
where 

8 = 6 '““= 10 - 

With fm = 0 01 8 eV we find that this ‘tunnel- 
ing effect" contribution is equivalent to the 
hopping contribution at T = 140°K. This 
value is of the same order of magnitude as 
that found by Murray and Keller|3J for Kl 
at T - 90“. 

We. however, draw attention to the fact that 
this is not to be taken for a real tunneling 
effect, but to be attributed to the deviation 
from a simple thermal activation type law. 

One can talk about tunneling effect, how- 
ever. at much lower temperature; fwfkT > 8 
(Fig. 2). 

In this region log IT curve is practically 
flat and we may talk about a temperature 
independent tunnel effect, characterized by 
the temperature kT^ == fun!^. This tempera- 
ture is approximately .‘i2°K for KI. For 
intermediate region of temperature only the 
exact expression [5] can describe the situation 
satisfactorily. 

The anisotropy observed by Delbecq el al. 
[5] on KCl poses the question whether or not 
at very low temperature, T < 20“K, the 
predominant process (by tunneling effect) is 
180“ jump or 60“ and 90“ jumps. We find that 
y(60“) >7(180“) and 5(60“) > 5(180“) is 
necessary to ensure the inversion of impor- 
tance of 60“ and 1 80“ jumps going to the lower 
temperature. The first condition is not in- 
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acceptable, but the second one seems less 
probable according lo our calculation of 
Section 2(b). We supposed that the 180° 
jumps predominate at low temperature. This, 
however, is not necesstiry to have anisotropy 
different from zero. 

Anisotropy is defined as 



where /■, ;ind/, are intensities of luminescence 
parallel or perpendicular to the axis. 

If the migration of fVeenters is due entirely 
lo 60° (and 90°) jumps, then the optically 
oriented T* -centers will lose completely their 
polarization after a few jumps, and we should 
have A -0. If, on the other hand. 

180" jumps aic not negligible, without 
necessarily being the dominant process, l„ and 
I ^ would not be equtil and the anisotropy 
would be different from zero. 

A precise metisurement of the degree of 
anisotropy of the afterglow at very low tem- 
perature, 7 20°K, may provide us some 

indication as to the question of whether or not 
.V(6fl“) is greater than ,V( 180°). 

4. DISC l>,S.SION 

We have studied the migration of Fj-centers 
in alkali halides by applying the small polaron 
hopping theory of Yamashitaand Kurosawa. 
The essential assumptions lying under this 
theory arc; 

(1) . the polaron binding energy, expressed 
by Sfuo. is greater than the valence bandwidth. 

(2) . the tran.sfer energy J is .small, .so that it 
may be considered as perturbation. 

The first condition is apparently satisfied, 
because 5 is typically = 60 and the bandwidth 
is less than I eV[17). The .second condition 
is linked to the question whether the hopping 
motion is adiabatic or not. The theory of 
Y-K and Holstein is a non-adiabatic theory; 
the hole moves .so slowly from one site to 


another that the lattice has time to relax 
around it. The generally accepted criteria 
isthatd < firi)[15J. 

This condition is apparently not satisfied 
in our case, though we have not evaluated 
J between two adjacent wave functions. 
The largest term in the transfer energy of 
60° jump is roughly given by 



We have assumed 7 = 0,1 cV in Section 3(a) 
and this value is several times greater than 
that of Azi) we employed. 

We believe that we are in an intermediate 
region where neither of the two approxima- 
tions is quite justified. For the adiabatic case 
only qualitative study exists[7, 15J. Before 
proceeding to a more rigorous study in this 
direction, a reliable evaluation of J is desired 
with a suitable crystal potential. 

In spite of certain assumption.s which need 
further exiiminaiions. we have presented here 
an interpretation of the experimental data on 
-center migration which is satisfactory on 
the whole. A few experimental measurements 
could be suggested to allow further under- 
standing of the problem: 

(DA precise measurement of the activation 
energy and the jump frequency over a more 
extended interval of temperature may permit 
to judge whether our interpretation is right. 
In the adiabatic case the jump frequency is a 
certain mean frequency of the lattice vibra- 
iionl7, 1) which can be varied by replacing 
the halogen atoms by its isotopes. 

(2) Anisotropy measurements of the after- 
glow at very low temperature T < 20°K, may 
be of interest to determine the relative impor- 
tance of the axial migration of F^-centers. 
compared to that with 60° jumps. The model 
we propose show that the intensity of the 
afterglow at very low temperature is equiv- 
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alent to that of hopping motion with 
kT^ — fto>/4. 

(3) We have calculated recently the self- 
trapping of hole in solid argon[10]. We found 
that the trapping is stable energe- 

tically.* In this case, however, the activation 
energy for migration should be at least an order 
of magnitude smaller than in a typical alkali 
halides, because of the low phonon fre- 
quencies. The activation energy is propor- 
tional to the square of the phonon frequency. 
This indicates that the T^-centers, even if they 
are formed in rare gas solids, should be 
observable only at very low temperature. 
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R^urn^- A partir des resullats experimentaux les carres des amplitudes moyennes des vibrations des 
noyaux d'etain (x‘) sont calcules en function de la temperature du recuil precedent pour les echantil- 
lons des acides a- et ^i-slanniques. On a montre que le grossissement des microcristaux de SnOj esl 
accompagn^ de diminution des valeurs de <jr*>. Pour les particules de SnOs donl le diamelre radio- 
graphique a atteint a =25 A. le grossissement suivanl ne provoque pas le changement des valeurs de 


Abstract -Surface effects associated with thermal annealing of u- and /J-slannic acids were studied by 
means of Mossbauer effect and X-ray diffraction. Mean square displacements of tin nuclei (j*) are 
found from experimental data as a function of annealing temperature. It is shown that increase in SnO., 
crystal size is accompanied by the decrease in For SnO, particles whose average diameter is more 
than =» 2.^ A as determined by diffuse X-ray .scattering, further increase in the crystal size does not 
cause any change in the <jr*). 


1. INTRODUCTION 

La possiBiLiTE d’observer les effets de sur- 
face dans les spectres Mossbauer est due au 
fail que les atomes superficiels ont le spectre 
de vibration different de celui des atomes en 
massefl, 2, 3]. En outre, I’environnement des 
atomes dans les couches superficielles, en 
principe, n’esl pas le meme que celui des 
atomes a I’interieur du cristal, ce que doit se 
manifester par la difference des champs 
internes. 

L’etude des effets de surface dans les solides 
a I'aide de la spectroscopic Mossbauer est 
exempte de queiques difficultes qui empechent 
d’utiliser cette methode pour la recherche des 
defauts internes du cristal. Ainsi on peut 
examiner les proprietes de surface dans les 
conditions quand tous les atomes superficiels 
se trouvent dans les positions equivalentes et 
eviter ainsi I’effet de ‘superposition’ du au 
environnement variant des atomes Mossbauer 


ce qui est dans le cas lorsqu'on examine les 
proprietes des composes superficiels con- 
tenants les atomes resonnants (I'adsorbant lui- 
meme ne les contient pas). 

L'application de I'effet Mossbauer peut etre 
utile dans presque tous les domaines de la 
chimie d’etat solide ou les effets de surface 
jouent un role important. En particulier, I’effet 
Mossbauer doit permettre d’etudier les pro- 
cessus qui sont accompagnes par le change- 
ment de la surface specifique des particules 
dans les systemes dispersifs des solides dans 
les cas, lorsque la susceptibilite des autres 
methodes n'est pas suffisante. 

Un systeme convenable pour I'etude des 
processus pareils presentent les acides stanni- 
ques qui se composent des agglomeres des 
microcristaux de SnO, et des molecules d’eau 
absorbee[4. 5]. II est connu que les proprietes 
physiques et chimiques des acides stanniques 
fraichement prepares se differencient notablc- 
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merit de celles des acides vieillis; on distingue, 
respectivement, les formes a et j3. La forme a 
est peu stable el se transforme en celle ^ qui 
est le stade intermediate, lui-meme mal defini, 
de I’evolution d’aeide a-stannique a SnO-^ 
anhydre. Les acides stanniques ont fait I’objet 
de nombreux travaux (voir l’aper(;u[61), ce- 
pendant le probleme du mecanisme de leurs 
transformations n'est pas encore completc- 
ment resolu. 

Dans la literature on ne peui citer que quel- 
ques travaux[7, 8 ] contenants letudc de ces 
acides par I'effet Mdssbauer. Ces premiers 
travaux ont montre que la dependance thermi- 
que de I'intensile de la raie resonnanie dans 
les acides stanniques frakhement prepares se 
differencie notablement de celle pour Sn0.j. 
Sous tous les autres rapports les spectres 
Mdssbauer des acides stanniques sont lout a 
fait anologues a ceux de SnCX. 

2. PREPARATION ET METHODS EXPERIMENTAI.E 

Les acides «- et /j-slanniqucs ont ete pre- 
pares par reactions generalcment employees; 

.SnCI, -b NH 4 OH — — .SnOj-mH.O 
(«-forme) 

Sn -b HNO, — SnO.,-nH..O 

( (il-forme). 

L.es precipites ainsi obtenus ont ete laves el 
puis seches a la temperature ambiante. Ensuite 
les echanlillons des acides stanniques etaient 
soumis au chauffage pendant trois heurcs a la 
temperature entre 40 et 1 OOOT. 

Les spectres Mdssbauer ont ete cnregistres 
sur un spectromctre a acceleration constante. 
La source utilisee etait "*"'Sn 02 . L’epaisseur 
des absorbeurs etait constante et egale a 
0-75mg/cm'^ ""Sn. Dans tous les cas le de- 
placement isomerique et la largeur de la raie 
resonnante etaient identiques (avec une pre- 
cision ±0-05 mm/secj aux parametres cor- 
respondants d'absorbeur de SnO^ prepare a 
partir de SnO: 

SnO-biO^ — SnOj- 


Cet absorbeur-etalon avait ie ddpiacement 
isomerique S = -2-60 mm/sec par rapport a 
une source /3-"'''"Sn et la largeur experimental 
a mi-hauteur = 1-45 mm/sec avec la 
source """'SnOj utilisee dans ce travail. 
Ajoutons enfin que la valeur du carre de 
I’amplitude moyenne des vibrations des 
noyaux d'etain en direction de y {x") = 
0'9.10 '“cm- trouvee pour cet absorbeur 
etait la limite inferieure de celles trouvees 
pour les echanlillons des acides stanniques. 

Les diffractogrammes des echanlillons 
examines ont etc obtenues avec la radiation 
CuK„. Le diametre radiographique des cris- 
tallites de SnO^ dans les acides stanniques a 
ete determine a partir de I’elargissement des 
raies X. Nous avons tenu compte de I'elargis- 
sement instrumental en utilisant un etalon 
interne de CdO. 

3. ANALYSE DES RESLLTATS ET DISCUSSION 

La particularite des acides stanniques est 
une grande dependance de la probabilile 
d’absorblion resonnante du degre du vieillisse- 
menl. 

En utilisant I'expression generale pour 
la probabilitc /' des processus sans agitation 
Ihermique: 


oil A est la longueur d'onde du rayonnement y; 
nous avons calcule des valeurs de {x‘) pour 
les echanlillons des acides stanniques apres le 
recuit thermique. Les valeurs de /' qui sont 
necessaires pour ce calcul ont ete determinees 
selon la methode de surface decrite par 
Shirley, Kaplan et Axel[9], en utilisant la 
valeur du coefficient de la conversion interne 
« egale a 6-3 et celle de la largeur du niveau 
exile du noyau ""Sn, egale a 2-4 . 10'“eV. 

La Fig. I represente les variations de 
(x") en function de la temperature du recuit 
precedent pour les experiences avec les deux 
formes des acides examines. On voit que dans 
la region des temperatures basses, les valeurs 
de (j*) pour la forme fi sont inferieurs a celles 
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f-ig. I. Variation des valeurs du carre de I'amplitude 
moyenne des vibrations des noyaux d'etain (x*) en fonc- 
tion de la temperature du recuit precedent pour les 
cchantillons des acides a- et /3-stanniques d — diumeire 
radiographique des cnstallites de SnOa- Absorbcurs des 
acides stanniques ctaient au cours des experiences 
Mosshauer a la temperature de I'azote liquide. 

d’acide a-stannique. La difference entre 
pour ces deux formes diminue avec elevalion 
de la temperature du recuit. Cette allure des 
courbes {x'^) = f (r^uu) correspondant a la 
transition, bien connue dans la chimie, de 
forme a a celle fi. manifeste le fait que les 
acides stanniques sont les systemes dispersifs 
oil les microparticules de SnO., se differencient 
par leur grosseur. 

L'influence du degre de dispersion sur 
(x-) dans les microcristaux peut se manifester 
sous deux aspects opposes. D’un cote, dans le 
microcristal il est impossible d'avoir une 
existence des vibrations thermiques avec les 
longueurs d’ondes beaucoup plus grandes que 
sa propre dimension. L’apparition dans 
le spectre de vibration des atomes internes 
du microcristal un tel cutoff' des frequances 
basses provoquerait une croissance lente 
de {x^} avec dimension. On a observe cet 
elfet[10] dans le cas des microcristaux de 
Au pour les particules avec les diamelres 
moyens egales a 60 et a 200 A. 

D’autre part, la diminution des dimensions 
doit s’accompagner de I’augmentation de 
(x') due au fait que les atomes dans les cou- 
ches superficielles ont les amplitudes des 
vibrations plus grandes que celles des atomes 
internes. On a signale cet effet dans le travail 


[I I] oil on a montre que les particules d’etain 
avec d = 250 A possedent {x‘) plus grand 
que celui pour les particules avec d ~ 600 A. 

Les travaux deja cites montrent que dans 
I’etude des transformations des acides stanni- 
ques a I’aide de la spectroscopie Mossbauer il 
est interessant d’evaluer la grosseur des 
microparticules de SnOj dans les stades 
dilferents. Nous avons pour cela utilise la 
diffraction des rayons X. Le diametre moyen 
d des cristallites de Sn 02 dans les echantillons 
des acides stanniques a ete determine a partir 
de I’elargissement des raies X. 

La comparaison des diametres radio- 
graphiques ainsi obtenus avec les valeurs de 
(x^) fournies par I'effet Mossbauer est com- 
pliquee, malheureusement, par le fait que les 
valeurs de d ne sont que les moyennes de la 
fonction de repartition de dimension; les con- 
ditions de preparation des acides stanniques 
suggerent que cette fonction ne doit pas etre 
etroile. 

Nous n’avons pas decele la difference entre 
les diametres radiographiques de SnO^ dans 
les acides a- et /3-stanniques qui etaient 
soumis au meme traitement thermique, par 
consequent, les valeurs de d presentees sur la 
Fig. 1 ont rapport a tout les deux formes des 
acides examines. 

On peut voir sur la Fig. I qu'en general, la 
valeur de (x^) trouvee pour les acides stanni- 
ques qui se caracterisent par le diametre 
radiographique de SnOa plus grand, est 
inferieure a celle pour les echantillons avec 

d== 18 A. 

Ce fail met en evidence l'influence decisive 
dans le cas de microcristaux de SnO^ d’effet de 
surface du a I’affaiblissement des interactions 
entre les atomes internes dans les couches 
superficielles. Au contraire. I'effet de modifi- 
cation du spectre des vibrations des atomes 
internes dans les microparticules n'est pas 
important dans ce cas. Cette conclusion con- 
firme celle du travail precedent [ 1 2] ou la 
faible dependance thermique de la fraction /' 
d'absorption 'sans recul' dans le reseau 
cristallin de SnOj etait expliquee par le role 
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predominant pour les atomes d’etain des 
vibrations optiques qui se caracterisent par 
longueur d’onde courte. 

La Fig. 1 montreque la diminution forte des 
valeurs de {x^) se passe lorsque I’augmenta- 
tion des diametres radiographiques des micro- 
particules de SnOj est relativement faible. 

Nous attribuons ce fait a la contribution 
differente des particules superpetites {J < 10 
A) aux valeurs fournies par la diffraction des 
rayons X et par I’effet Mdssbauer. Dans les 
experience aux rayons X ces particules ne 
sont que les domaines amorphes qui ne peu- 
venl pas provoquer les phenomenes notables 
de diffraction. Par centre, dans le cas d’effet 
Mdssbauer, les particules superpetites font la 
contribution la plus importante a la valeur de 
(x^). Le traitement thermique a des tempera- 
tures basses des echantillons des acides stan- 
niques ne fait possible que les processus qui sc 
caracterisent par I’energie d'activation la plus 
faible; e'est pourquoi un tcl recuil provoque 
en majeur partie la disparition des particules 
les plus petites. Ceci permet d'expliquer les 
resultats obtenus. Ces observations per- 
mettent aiissi de conclure que les processus 
du grossissemeni des microcristaux de SnfL 
dans les transformations des acides stanniques 
son! essentiellcnient ceux de la recristallisa- 
tion. En outre, la difference entre les pro- 
prietes de deux formes de.s acides stanniques 
parait etre due a celle de la fraction des 
particules superpetites dans la function de la 
repartition de dimension. 

II nous a paru interessant U’examiner le role 
des molecules d'eau absorbee dans les trans- 
formations qui se passent dans les acides 
stanniques. D’un cote, I'absence dans les 
spectres Mossbauer du deplacemenl isomeri- 
que par rapport a la source de SnO.^ montre 
que le carre de la function d'onde pres de 
noyau d’etain reste le meme: 

e’est-a-dire, la presence des molecules d'eau 
absorbee ne change pas notablement la con- 


figuration electronique autour des noyaux 
d’etain meme les plus proches. L’absence dans 
tous les cas des changements de la forme et de 
la largeur de la raie resonnante montrent aussi 
que I’environnement au moins le plus proche 
des atomes d’etain dans les transformations 
des acides stanniques ne change pas. Cepen- 
dant, on peut supposer la corrdlation entre la 
teneur en eau absorbee et le changement de 
parce que tous les deux sont dus aux 
eflets superficiels. 

La Fig. 2 represente la variation de (x-) 
pour les deux formes des acides stanniques en 
fonction de la perte d’eau p. On peut voir de la 



t-ig. 2 Variation de {x‘) en I'onction de la perte d'eau 
apies Ic rcctiit thermique pour les deux formes des acides 
stanniques. 

, la perte de poids apre.s le recuit , 

(p = 100%). 

le poids initial d'echantillon 

Fig. 2 que la perte des premieres quantiles 
d’eau ne correspond pas au changement 
notable des valeurs de {x^). Comme on 
pouvait le prevoir, I’acide a-stannique con- 
tient beaucoup plus d’eau plus facile a 
eliminer que la forme p. 

Ensuite, la perte d’eau absorbee accom- 
pagne les processus de recristallisation de 
SnOj. Enfin, on peut constater que la perte 
des dernieres quantites d’eau ne correspond 
pas au changement notable des valeurs de 
(x^) ce qui est du probablement a la limite 
superieur de la susceptibilite de la methode 
utilisee. 
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4. CONCLUSIONS 

On a montr6 1'influence decisive de I’eifet de 
surface sur la valeur de (jt*') pour les micro- 
particules de SnO^ dont le diametre radio- 
graphique est inferieur a « 25 A. 

La comparaison des resultats fournis par 
I’effet Mossbauer et par la diffraction des 
rayons X nous permet de conclure que les 
processus du grossissement des particules de 
Sn 02 sont essentiellement ceux de la recris- 
tallisation. 

Enfin, les resultats de cette etude montrent 
que I'effet Mossbauer permet d’examiner les 
processus qui s'accompangent par le change- 
ment des dimensions des particules dans les 
systemes tres dispersifs des solides lorsque la 
susceptibilile des autres methodes n’est pas 
suffisante. 

-Nous Icnons Ires particulieremenl a 
remercier ici Dr. Pokrovskii B.t. qui a hien voulu analyser 
nos cchanlillons par la diffraction des rayons X. Nous 


remercions ^galement le Professeur Kovba L.M. pour les 
discussions que nous avons eues ensemble. 
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Thermal properties of nickel hexammine salts 
at the phase transition 

{Received 2.3 Seplemher 1969; in revised form 22 Decem- 
ber 1%9) 

Nickel hexammine chloride Ni(NHj)fiC1.2 
is cubic at room temperature and has the 
space group Fm3m[l]. It has a phase transi- 
tion at 7,. = 77°K that can be seen as a sudden 
broadening of the ESR line[21. This 
indicates a distortion of the cubic crystal 
field seen by the Ni“+ ions with spin 5=1. 
The transition shows about 5° thermal 
hysteresis and an isotope shift. The dielectric 
constant increases from e = 6-0 above 7^ to 
€ = 8-5 below 7, .[3]. Proton NMR(4] and 
low temperature specific heat measurements 
[5,6] show that the ammonia groups in this 
crystal rotate around their 3-fold symmetry 
axes by tunnelling with frequencies of the 
order of 10‘" Hz even at liquid helium tempera- 
tures. Since the symmetry of the NH;, group 
does not fit that of the lattice, there are several 
equivalent orientations of the ammonia, and 
we believe the phase change is primarily an 
order-disorder transition in the NH^ orienta- 
tion. We have measured the specific heat 
around 7,. to find the entropy of transition 
which might give information about the change 
of order. We also report that the heat con- 
ductivity of this salt and the isomorphous 
crystal Ni(NH;,)(iBrj is very low above 7^. 
of the same order as in completely disordered 
solids like glass, but at the transition it in- 
creases by a factor 3. Heat conductivities 
usually do not change very much at phase 
transitions, only in KH 2 P 04 -type crystals 
are changes of the same magnitude reported 
[7]. For comparison we have measured the 
conductivity of N H^CI which has an order- 
disorder transition at Tp — 243°K. 

Single crystals of NifNHjlsClj were grown 
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in a thermostatically controlled bath at 
about 30“C from a solution of NiClj.bHjO 
p.a. in distilled water with NH, added to 
saturation. For specific heat work it was 
advantageous to grow them around a small 
heating spiral of 0 03 mm constantan wire to 
insure good heat contact. Growth on a wire 
also gave octahedra with plane parallel faces 
for conductivity work. NitNHiileBG was 
grown in a similar way. while NHjCl grew 
best with urea added to the solution. 

The specific heat of two crystals weighing 
15-8 mg and 14-9 mg was measured by 
monitoring the temperature as a function 
of time during heating and cooling. The 
samples were suspended in vacuum with 
005 mm copper/constantan thermocouples 
glued on. The reference temperature was 
the wall of the container immersed in liquid 
nitrogen boiling under constant pressure. 
The heat leak corrected and averaged results 
of several runs are shown in Fig. 1 . The heat 
capacity A peaks correspond to an entropy of 
transition AS = /(AC^/7)d7= (4'0±0’4)kB 
per molecule where is Boltzmann's con- 
stant. The exact shape of the specific heat 



Fig. I . Averaged specific heat of Ni(N HikCl,- 
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anomaly as a function of {T^-T) close to 
Tr is very difficult to determine, and it is 
probably strongly influenced by impurities 
and the causes of thermal hysteresis. 

The averaged heat conductivity across 
crystals of octahedral shape and side edge 
about 3 mm is shown in Fig. 2. The crystals 
were glued between a copper block and a 
thin piece of copper foil with a heater attached 
to the foil. One thermocouple junction was 
between the crystal and the foil and the other 
on the block. The block temperature was 
measured with copper and germanium resis- 
tance thermometers. Because of the large 
heat of transition, dynamic effects will give an 
apparent peak in conductivity near 7",. unless 
the temperature is varied very slowly. This 
may be the cause of the peak observed at the 
A-point in Most of (he conductivity 

change at the transition takes place within 
a TK interval. The uncertainties in the data 
are caused mainly by the contact resistance, 
and the possible error is about 10 per cent at 
Tr and above, increasing to perhaps 30 per 
cent at the lowest temperatures and the 
highest conductivities. 

The conductivity of NH.,CI is considerably 
higher than that of the hexammines, and it 
changes much less at the transition. This 
salt has also been studied by Simson[91 and 


recently by Bausch and Waidelich[14] 
(note added in proof). 

In cubic NKNHjIfiCla above Tc each 
ammonia is surrounded in the plane of the 
triangular H;, groups by a square of the 4 
nearest Cl" ionsll]. The protons polarize 
to some extent the closest CF ions, and we 
believe that the NH;,-C1“ interactions are 
mainly responsible for the barriers to NH3 
rotation. The direct NH3-NH3 interaction is 
probably small. In a perfect 4-fold symmetric 
potential set up by the Cl" neighbours a 30° 
rotation of the NH3 group will bring it back 
to an equivalent position. But a 30° rotation 
probably also results in some readjustment 
of the neighbours and a slight tilting of the 
NH3 symmetry axis. Distortion of the Cl" 
lattice around one ammonia will be felt by 
the neighboring NH3 groups, and below the 
structure is locked in a permanent distortion 
with greater N H3 order. 

The measured entropy change at the transi- 
tion is very close to k;iln2 per NH, group 
(6 In 2 = 4’ 16). If this is a change in configura- 
tional entropy alone upon going to a more 
ordered state, there must be just half the 
number of allowed NH3 orientations below 
Tr and there the 4-fold symmetry of the Cl" 
square must be reduced to 2-fold. A rhombic 
distortion as suggested in Fig. 3(a) is very 



Eig. 2 . Averaged thermal conductivltie.'i of NKNHaluCl^, Ni(NHj), 
BrjandNH^C’l. 
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likely to occur and it would have this ordering 
effect if NHj orientations A and B in Fig. 
3(b) are split in energy by more than kaT^. 
However, the distortion of the lattice will 
probably contribute to ^S and no firm con- 
clusions on the transition can be reached from 
the specific heat data. Our transition entropy 
value for NKNHaleCla is in good agreement 
with data on the similar salt NKNHalgINOalj 
which has AS = (3'85±0-25)/tB per molecule 
at Tr = 243°K[10], but where ordering of 
NO3 groups may be involved. The transition 
in the nitrate is easily undercooled, while 
we have observed no undercooling in the 
chloride. For NKNHalola a much smaller 
value AS = k;, ln3 at 7^= 19'5‘'K has been 
reported [5]. 

The heat conductivity of the hexammines 
is surprisingly low above T^. The approxi- 
mate formula for heat conductivity K = 
Cu(/3 gives a phonon mean free path as short 
as I « 3A if we assume a mean phonon 



Fig. 3 (a). Position of NH, group in square of 4CI ions 
in NKNHiUCIj, Suggested deformation is shown with 
dashed lines 



b) 

Pig. 3 (b). Barriers to NH.., rotation with changes upon 
suggested deformation shown dashed. 
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velocity v = 2000 m/sec. Although a large 
part of the measured specific heat C is 
associated with optical phonons of small 
group velocity and with localized rotations 
of the NH3 groups so that'the acoustic phonon 
mean free path is longer than the estimate 
above, the small conductivity indicates 
strong phonon scattering. The resistance in 
KHjPO, has been explained by a coupling 
between acoustic phonons and the ferro- 
electric modefll]. The model for the hex- 
ammine suggested in Fig. 3 has the required 
scattering mechanism above Any lattice 
wave that instantaneously deforms the CF 
square will make the NH., orientations -4 and 
B slightly nonequivalent, and rotation transi- 
tions between these states will scatter the 
phonons. The scattering is most efficient for 
phonons having the same frequency as the 
AB jump rate which probably is of the order 
10''-10'^Hz. In the permanently distorted 
lattice below Tr no such coupling between 
acoustic phonons and NH, rotations is 
possible, and here the conductivity of the 
hexammines show the normal behavior of 
crystalline solids. 

Disorder for only the light hydrogen atoms 
is not enough to insure very short phonon 
mean free paths as can be seen from the 
measurements on NH4CI. Here the conduc- 
tivity change at the order-disorder transition 
is only about 20 per cent and the added resis- 
tivity above Tc is less than A of that for 
NifNHaleCIz. NH4CI is cubic and the struc- 
ture is disordered with respect to the two 
possible orientations of the NH4 groups above 
rr[l21. But the symmetry is such that the 
energies of the two NH^ states are influenced 
in the same way by an uniaxial compression, 
and we expect no coupling between acoustic 
phonons and NH^ rotations. The ultrasonic 
attenuation in NH4CI is approximately the 
same above and below Tr[13], while we pre- 
dict strong attenuation of short ultrasonic 
waves in the hexammines above 7^. 

In the suggested model for the hexammines 
the orientations A and A' are not equivalent 
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in an electric field if the axis of the NH 3 dipole 
is somewhat tilted in the equilibrium position. 
To explain the greater dielectric constant 
below 7V[-3] we must assume greater tilting 
in the distorted lattice. 
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Electron paramagnetic resonance .study of 
Mn in (NH 4 )jM 8 a(S 04)3 and (NH 4 ).jZn 3 (S 04)3 
crystals 

(Ret eieed 27 AnyitM J469: in revi.ieci form 'ADeeemhrr 
1969) 

Electron paramagnetic resonance studies of 
Mn'^^ have been reported earlier in several 
crystalsl 1-3], Information was obtained about 


the position of the paramagnetic ion, spin- 
Hamiltonian parameters and lattice defects. 
EPR studies of different paramagnetic ions in 
Langbeinites. whose general composition is 
(M‘’^).,(M").,(S 04 );, where = K, Rb, T1 
or NH 4 and M^'*^ = Ca, Cd, Co, Ni, Mg or 
Zn, have been taken up to define the environ- 
ment of the paramagnetic ion in these crystals 
and also to obtain the information about the 
associated lattice defects and the crystal field 
parameters. Langbeinites will particularly 
form interesting series since both monovalent 
and divalent sites are available for the substi- 
tution of the paramagnetic ion. The results 
obtained from the EPR studies of Mn^+ in 
(NH 4 ).,Cd,(SO,).,( 4 |, (NH„),Co 2 (S 04 );, and 
(NHjjNi.lSOj);,].')] have been reported 
earlier. The present paper deals with the 
results obtained from the EPR studies of 
Mn'''+ in (NH.daMgstSOjL and (NHjijZna 
(SO,,),i single crystals. 

The detailed X-ray data regarding the 
atomic po.sitions in (NH,).,Mg,(SO|).., and 
(NH 4 ).jZn.(SO|),, does not seem to be avail- 
able in the literature. The detailed data 
regarding the crystal structure of K.^Mg.. 
(.SO,),, which is isomorphic to (NH|),,Mg., 
(SO,)., and (NH,)..Zn. 2 (SO,);, is reported 
earlicr| 6 ). The lattice parameters of many 
isomorphic salt.s of Langbeinites excluding 
that of (NHilaZn^fSO.,)., is available in the 
literature [7], Langbeinite series crystalizes in 
space group E2,3 with cubic symmetry and 
there are four molecules per unit cell. The 
edge length of the tetramolecular unit of 
(NH.,),Mg.,(SO,):, is 9-979 A. Since (NH,)., 
Mgj(SO,);i and (NH,) 3 Zn 2 (S 04 ),., are iso- 
morphic to K..Mg. 3 (SO,),j the structural data 
available regarding K..Mg. 2 (SO,):j can be 
treated as applicable to (NH 4 ) 3 Mg.,(S 04 );, 
and (NH 4 ). 4 Zn.,(S 04 ):, but for the slight 
changes in lattice parameters and inter-atomic 
distances. The structure is a grouping of 
sulphate tetrahedra and metal atoms. There 
are two crystallographically non-equivalent 
divalent metal atoms (Mg^+ or Zn^+) and 
two nonequivalent monovalent metal atoms 
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the difference between the environment of 
the two nonequivalent monovalent metal 
atoms. 

In order to grow single crystals of Mn^"* 
doped (NH4).iMg2(SO^);j, magnesium sulph- 
divalent metal atoms is much less compared to 
((NH^)^). Each divalent atom is surrounded 
by six oxygen atoms which forms slightly 
distorted octahedron. The distances between 
oxygen atoms and divalent metal atoms 
(Mg^^ or Zn^M in two octahedra are different 
which in turn gives rise to the non-equivalency 
between the two divalent metal ions. The 
monovalent atom ((NH.,)^) coordination 
cannot be sharply defined, there are four 
oxygens around one type of monovalent atom 
and three oxygens around second type of 
monovalent atom. The difference between 
the environment of two non equivalent 
ate (MgSOj-THoO) and ammonium sulphate 
((NH4).,S0,) are mixed in stochiometric 
proportion. Little quantity (approximately 
0-5 per cent by weight) of manganese sulphate 
(MnS04'4-5H20) has been added to the 
mixture of magnesium sulphate and ammon- 
ium sulphate and the saturated solution is 
prepared. The crystals are grown by the slow 
evaporation of the saturated solution at room 
temperature. Similar procedure is adopted to 
grow the single crystals of Mn-+ doped 
(NH4).2Zn.^(S04)3 by using zinc sulphate 
(ZnS04-7H20) instead of magnesium sulph- 
ate. The crystals are found to grow with large 
(110} faces. A varian V-4502 EPR X. band 
spectrometer with lOOkc/sec modulation has 
been used to study the EPR. The microwave 
cavity was a TE,„, mode cylindrical cavity 
with the axis parallel to the rotation axis of 
the magnet and perpendicular to the direction 
of the magnetic field. As a reference for 
magnetic field strength the resonance line of 
DPPH is used, The magnetic field is measured 
using a varian NMR gaussmeter while the 
frequency of the proton signal is measured by 
a Beckman counter. IBM 1620 computer has 
been used for doing the calculations. 

The EPR spectrum of Mn^^ in ortho- 


rhombic field is expected to show five fine 
structure transitions, each of which will show 
six hyperfine components. When one of the 
principal axes (x, y and z) of a Mn^^ ion 
parallels the magnetic field, the energy level 
separations of the spin system correspond to 
an extreme value. The orientation of these 
axes can be found by searching for the 
magnetic field direction, where the fine 
structure lines of the EPR spectra lie at an 
extremum in energy. The measurements in 
both the crystals are done by rotating the 
magnetic field in a (TlO) plane of the crystal. 
The fine structure lines are found to have two 
extrema in (Tlfl) plane and the two extrema 
are separated by 90° in each case. The z axis 
was assigned to the direction with large 
separation between the M = — ? -* -§ and 
M = I i transitions. The direction of the 
second extrema was called x axis. The z axis 
in (NH4).2Mg4(S04)4 makes an angle of 35° 
with [110] axis in (TlO) plane and this 
happened to be the [111] axis also. The : 
axis in (NH4)2Zn2(S04),i makes an angle of 
38° with (1 10] axis in (TlO) plane and this 
happened to be [111] axis also. In a cubic 
crystal the [111] axis is expected to make 
35° angle with [110] axis in (110) plane. 
The observation of z axis at 38° from [110] 
axis in (NH4)2Zn2(S04)3 instead of at 35° 
might be due to the slight misorientation of 
the crystal. The x axis make^an angle of 90° 
with [III] axis or z axis in (TlO) plane. The 
y axis in both the crystals is perpendicular to 
zjr plane and it coincides with [TlO] axis. In 
the neighbourhood of static magnetic field 
parallel to the ; and x axis in both the crystals 
the measurements were made by rotating the 
crystals about it's [110] axis which was held 
perpendicular to the direction of the magnetic 
field to make sure about the extrema observed. 
The resonance lines in the y direction in both 
the crystals are grouped close together and 
so no accurate magnetic field measurements 
of their positions could be made. Magnetic 
field measurements are done along the z and 
X directions in both the crystals. It may be 
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noted here that in addition to the flirty 
resonance lines due to Mn^^ magnetic com- 
plex in one environment, there are some very 
weak lines. Probably these lines are due to 
Mn*+ in some other environment. The study 
of this weak spectra could not be done 
because of the relative intensity of this weak 
spectra under discussion in both the crystals. 

The EPR measurements on (NH 4 ) 2 Mgj 
(SOJ:, and are analyzed 

using the spin Hamiltonian appropriate for 
Mn^‘ in a rhombic crystalline electric field [8] 

+ guHuSi,+ f;.-H,S,) 

+ D(S/~- (i).^(i’+ + 

n 

X (35'-+.TV-l)) 

where the terms have their usual meaning. 
(I. D and L are cubic, axial and rhombic 
crystal field parameters, respectively, and 
A is the hyperfine constant. The expressions 
used to obtain the energy dilTerences of the 
energy levels of .spin Hamiltonian given in 
equation (I) are found in Table I. The spin 
Hamiltonian parameters obtained using the 
expressions given in Table 1 are given in 
Fable 2. The spin Hamiltonian parameters 
obtained for Mn=^ in (NH^fT'djfSO,)., crystal 


[4] and (NH^I^CoalSO^);, crystal[5] are also 
given in Table 2 for comparison sake. It may 
be noted here that the spin Hamiltonian used 
for Mn'^ in (NH,)jCd 2 (S 04)3 crystalI4] 
corresponds to Mn“+ in tetragonal crystalline 
electric field. For the case of lVltf+ doped 
(NH 4 ) 2 Co. 2 (S 04)3 crystal[5] the spin Hamil- 
tonian described in equation (1) and the 
expressions given in Table 1 are used. 

Experimentally, only the relative signs are 
determined. The second order shifts permit 
the determination of relative signs of the 
various measured parameters. For negative 
DIA, the separations of sextets decrease on 
the low field side while for positive DIA the 
separations of sextets decrease on the high 
field side for the magnetic field parallel to 
- axis. In the case of Mn'''+ negative A is 
commonly accepted. In the present experi- 
ments the separations of sextets decreases 
towards the high field side and hence DjA is 
positive which in turn results D to be negative. 

The EPR results can be best explained by 
a,s.suming that Mn‘‘+ substitute for in 
the case of (NH 4 ) 2 Mg 2 (S 04 ),, and for Zn^' 
in the case of (NH 4 ) 2 Zn 2 (S 04 ) 3 . Such re- 
placement would not be unexpected, given 
the similarity of ionic radii (0-66 A for Mg-^ , 
0-74 A for Zn'^* and 0-80 A for Mn^*) and the 
identity ol charge. When Mn^^ substitute for 
Mg“' or Zn-' positions one expects two 
different spectra because of the availability 
of two nonequivalent sites. However, the 


Tahk 1, 


Fine structure and hyperfine structure splittings 


(a) Fincsiructuic 

Energy dirtercntes for Wllit. 

H. (tW = i) = H„ + 4D + 9£'‘/(H, -/))-, SEr/(H,-t/)) 

H,(W- l-iK- H„ + 2D + 9£^/(H4 + D)-9£*/(H.,-0)-5£'/(H.-30 )-(J)o 

U’ r ^ T ^ ' jT 7 ^ 1 + I + 5E-'/ ( H,., - 3 D ) - 9 ( Hj +rj ) 

H W " H.,- 2/)~9F/(H, + yi + 9f-7(H, - H. + 3D) -t (i),, 

I or n\lX or Ii\\y , ijubstitutc for/) and E, respectively. 

-(I)(0'3£)and~-(i)(£ + /)) 
or 

“(i){/)+3£:) and-(i)(£-/}) 


(b) Hyperfine structure 

72D„)( /( / + 1 ) - + (2M - 1 )m) - m» + (2M - l)m ) 
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presence of only one Mn“^ magnetic complex 
in both the crystals suggests that the 
ions are substituting for only one type of Mg“* 
or sites Substitution for ( N H.,) ' appears 
improbable because of the difference in 
charge. 

In conclusion, the results obtained in 
the present study can be compared with 
the results obtained for Mn-* doped (NHj).) 
Cd.^(SO,);, and (NH 4 ) 2 Co.,(S() 4 )a crystals 
|4. The resolution of the spectral lines 
was very good in the present experiments 
and Mn^' doped (NH,)..('o 2 (SO |)3 while 
it was pretty poor in the case of Mn’^ doped 
(NH 4 ) 2 Cd 4 (S(),),,. This has been noted by 
the author himself. The comparison of the 
spin-Hamillonian parameters obtained in the 
present study and those in Mn*" doped 
(NH,)T' 0 j(SO,);i and (NH,)..Cdi(SO,).| 
crystals |.S.4| suggests that the crystalline 
field experienced by Mn*’' .substituting for 
Mg‘^ Zn-* and C'o^^^ in single crystals of 
(NH,),Mg.(.S(),) 4 . (NH,).,Zn.,(SO,)., and 
(NH|) 2 C 0 i(SO 4 ),i respectively, is nearly 
same, and more than that experienced by 
Mn'''^ ions substituting for Cd-’' in single 
crystals of (NH,)jC'dj(.S() 4 ).i. I he reason for 
this might be due to the dilference in the 
lattice parameter of these salts. Another point 
of interest is the value of A. It has been 
pointed by Van Wieringenl9| that the magni- 
tude of/4 decreases with increasing covalency 
of the magnetic complex. From the electro- 
negativity of Mn-^ and negative ions and the 
numbers of the surrounding negative ions, the 
amount of the ionic character or covalency 
can be calculated after PaulingflO]. Matumura 
[11] has shown that the relationship between 
the magnitude of /4 and the ionicity is a linear 
one if the degree of covalency is calculated 
according to Pauling's rulellO). From 
Matumura’s curve we obtain that (or A = 94. 
3x10-'* cm-', 88-4 X 10 'em', 89-9 x 10" 
cm"' and 89-1 X 10" cm ’, as is the case 
respectively for Mn"^ in (NHdjCd^ (SOifi, 
{NH 4 ) 2 Co 2 (S 04 ).„ (NH 4 ),Zn 2 {S 04 )j and 

(NH 4 ) 2 Mg 2 (S 04 ) 3 , there is about 960 per 


cent, 93-5 per cent, 94’5 per cent and 94'25 
per cent ionicity respectively. This suggests 
that these crystals are more of ionic character. 
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Kxo-electron emission from activated 
CaSO| phosphors 

{Received 2^ Seplemher; in revised jorm 
3 December 1 969) 

It is now commonly accepted that the 
emission of electrons from the surface of solids 
(exoelectron emission; EEE) is conditioned by 
the concentration and distribution of active 
traps in the surface layer of the material. 
Unfortunately, there is not too much known 
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about the nature of these traps. The corres- 
pondence in glow EEE and thermolumines- 
cence {TL) curves which has been shown fora 
number of substances, would indicate that in 
some cases these traps must be of the same 
origin for both phenomena [1,2]. Kramer[3] 
pointed out on the base of band theory of TL 
and EEE, that the traps for luminescence and 
for EEE are often identical. However for the 
EEE activator centers are not necessary. 
Lepper[4] showed also that activator levels 
contributed by the manganese impurity in the 
CaS04 phosphors are necessary for TL but 
not for EEE effect. In the experimental 
material published so far in general on the 
EEE there is no information on the role of 
the concentration of the activator centers on 
the EEE intensity. 

In the pre.sent paper the authors give results 
of studies on the effect of activators concen- 
tration on the EEE intensity for CaS04 
phosphors doped by manganese and lead. 
In contrast to our previous workjS] amor- 
phous powder samples of CaS()4 phosphor 
were used because of better sensitivity to 
ionizing radiation than the crystalline one. 
It was also found impossible to prepare mono- 
crystalline samples doped with higher con- 
centration of given activators than '-01 
percent. 

The powder amorphous samples of CaS04 
phosphors doped by manganese and lead were 
prepared by Watanabe’s method[6] and by 
precipitation. The basic amount of CalNOjIj . 
4H2O with various parts of PbfNO.-dj or 
MnClz . 4H2O were dissolved in 50 ml of 
water and precipitated by a dilute (50 per cent) 
sulphuric acid. The coagulation was washed 
by water on the Buchner slit-sieve funnel 
and after drying was heated at 900‘’C for 
20 min in a normal atmosphere. 

The Watanabe's method of preparing of 
CaSOj doped phosphors was the following: 
CaS04 . 2H2O with various amount of PbS04 
or MnS04.4H20 were mixed with con- 
centrated sulphuric acid into a sherry. The 
mixture was left at room temperature for 


48 hr and occasionally stirred. The water was 
driven off at 80-90°C and the sulphuric acid 
at 250-300“C and heated the same way as 
precipitated one. 

The concentration of lead in CaS04 
phosphors was estimated after dissolving in 
a nitric acid by polarography. The estimation 
of manganese in CaS04 phosphors was carried 
on by colorimetric measurement of anions 
Mn04" on the spectrophotometer at the 
wavelength of 520 nm after previous oxidation 
of Mn(ll) by periodate in the presence of 
phosphoric and sulphuric add[7]. The con- 
centrations of manganese and lead were 
established with the maximum errors of about 
±3 per cent. 

The activated phosphors were fixed on 
copper disks ( 1 5 x 15x1 mm) by silicone 
varnish. The samples were irradiated with 
X-rays from Machlett tube (40 kV, 30 mA) 
at room temperature and 50 mm focus dis- 
tance. The EEE and TL intensities were 
measured on a laboratory apparatus described 
recently elsewhere[5]. 

The shape of glow EEE and TL curves for 
doped CaS04 phosphors with various quantity 
of lead or manganese was practically the same 
and were independent on the nature of acti- 
vator or its concentration, however, the 
intensities of EEE and TL were different. 
The curves showed one maximum only. The 
activation energy of traps (trap-depth) Ae 
was calculated from glow curves for con- 
sidering if the nature of the traps are identical. 
The values Ae were calculated using Booth's 
equation [8] and from the graphical dependence 
of Ae on various glow temperatures given 
recently by Hofmann and Gobrecht[9]. From 
their graphical dependence is possible to 
write down a simple formula Ae = 540/T„, 
where T„ is a glow temperature, which is 
valid for the range of glow temperatures of 
the CaS04 doped phosphors. The estimation 
values are given in Table 1 for CaSOjfPb) 
and CaS04(Mn) phosphors prepared by both 
methods. (The average values of Ae given in 
Table 1 were obtained from measurements of 



1414 


TECHNICAL NOTES 


Table I. Trap-deptha for C!lSO^ phosphors calculated from the glow 
EEE and TL curves 





Trap-depth 



From if L glow curves 

From EEE glow curves 

Sample 

Boolh method 

A( = ,S40/r, 

Booth method 

Ae = 540/r„ 


(eV) 

(eV) 

leV) 

(eV) 

CaSO.(Pb),,' 

0-61 

062 

0-64 

0-65 

('aSO,(Pb)» * 

O-hl 

0-62 

{)-63 

0,65 

CaSOilMn),. 

0-69 

0-67 

0-68 

0-67 

Ca.SO,lMn), 

0fi9 

067 

0-66 

0-65 


•The letters P and W in all tables indicate the way of sample preparation. P means 
precipitation method and W Walanabe's one. 


all phosphors with various concentration of 
activators. The deviations from the average 
values were not higher than ±10 per cent.) 

The samples of CaSOjIPb) and CaSO^tMn 
phosphors were irradiated by the same dose 
and the glow EEE and TL curves were 
recorded. The dependence of areas under 
glow EEE and TL curves (intensity of EEE 
and TL) against concentration of activators 
are plotted in Figs. 1 and 2. The survey of 
optimum concentration of activators is given 
in Table 2. The phosphors with the optimum 
concentration were irradiated by identical 
doses and the relative sensitivities of phos- 
phors were established and are summarized 
in Table 3. The relative sensitivity for a pure' 
CaSO^ phosphor, prepared by the same way 
as activated ones, is also given in Table 3. 
{TL glow curve for the 'pure' CaSO^ was not 
observed even if a high dose was applied to 
the phosphor). 



Table 2. The optimum concen- 
tration of activators in CaSO^ 
phosphors ( in wt. %) 



Optimum concentration 

Sample 

for EEE 

for TL 


m 

(%) 

CaSO,(Pb)„ 

0'75 

L60 

CaS 04 (Pb)„, 

l'40 

5-50 

CaSO^fMn), 

0-05 

0-24 

CaSO^tMnta. 

014 

0-75 


Eig. I, The dependence of EEE and TL intensities on 
the Mn concentrations. (Full curves in Fig. I and Fig. 2 
belong to the samples prepared by Watanabe’s method 
and dashed to the samples prepared by precipitation. 
Triangles mark the TL intensities and circles the EEE 
intensities). 

Comparing the values of trap-depth for 
EEE and TL traps (see Table 1) one can 
notice only a small difference between them. 
The traps are supported from that point of 
view to be identical for both phenomena. 
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Fig. 2, The dependence of EEE and TL iniensiiies on 
the Ph concentrations. 


Table 3. The relative sensitivities 
ofCaSOi phosphors with optimum 
concentration of activators 


Sample 

Relative sensUivity of 
EEE TL 

CaSOi ‘pureV 

0-01 

_ 

CaSO, ‘pure* 

005 

— 

CaSO.tPb),, 

1-5 

0-81 

raSO,(Pb)H 

3-3 

6-8 

CaSO,(Mn),, 

637 

34 '6 

CaSO.lMnla 

67-4 

39-4 


The number of traps in an unactivated sample 
of CaSOi is dependent only on the way of 
its preparation. If the sample is prepared 
according to Watanabe’s method, i.e. in a high 
excess of anions S 04 ^~ the number of created 
traps is higher than that prepared by the 
precipitation method, as one can see from 
EEE measurement (see Table 3). 

The EEE and TL intensities increase with 


increasing concentration of activator un- 
doubtedly in consequence of the increasing 
of tr^s and activator centers (see Figs. I 
and 2 initial part of curves). If a definite 
concentration of activator in the phosphor is 
reached (so called optimum concentration) 
the EEE and T L gain the maximum values and 
during the next increasing of the concen- 
tration of activator are decreased. The values 
of optimum concentrations of activators for 
EEE and TL are rather different and depend 
on the way of sample preparation and on 
the nature of activator. As it was expected 
this value for the Watanabe’s method of 
preparation is higher than for precipitation 
one. The difference between various values of 
optimum concentrations for manganese and 
lead can be explained by oxidation of Mn(II) 
during preparation period. It was established 
experimentally by us that only ~ 40 per cent 
of manganese is imbeded in the form of 
Mn(H); the rest undergoes oxidation on 
Mn(IV) and was not estimated by used 
analytical method. 

It is urgent to emphasize that activators 
are only necessary for TL but for EEE seem 
to be unnecessary (see Table 3). However, 
the influence of activator is indirect i.e. it 
increases concentration of traps which 
electron can be trapped in and released from 
and increases the number of emitted electrons. 
More experiments will have to be carried on 
for a better understanding of the EEE mecha- 
nism doped CaSOi phosphors and for making 
a general conclusion. The experiments in this 
field are in a progress. 
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Ultra.sonic measurement of the electrocaioric 
effect in KHoPO, 

iHft eivrd 29 Septemher 1 969; 

in revi.scd Jiiriii 24()i loher I969| 

If an ELECTRIC field is applied along the c 
axi.s of a KHiPO^ crystal, ihe lemperaiurc of 
which i is slightly above its ferroelectric 
transition point T,.. and after a while it is 
switched off. a transient increase in the 
attenuation of Mhz longitudinal ultrasonic 
waves, propagating parallel to the c axis, may 
result. This observation can readily be ex- 
plained by invoking the electrocaioric effect, 
i.e. the change in the temperature of the sample 
induced by an adiabatic change in its polariza- 
tion. When the field is switched on. the tem- 
perature of the sample increases. T his increase, 
however, docs not affect the ultrasonic at- 
tenuation since the latter is independent of 
temperature for 7 /'..[ll. While the field is 

on, the sample loses heal and cools down, its 
temperature approaching that of the heat 
bath T II. If the field is sufficiently large and if 
it has been applied long enough, its adiabatic 
removal will temporarily cool the sample to or 
below its transition temperature. When this 
happens, the ultrasonic attenuation increases; 
it has been observed that rapid cooling of the 
sample across its transition point leads to 
increased attenuation. This explains our 
observation. 


The onset of this effect corresponds to the 
case in which the removal of the field cools 
the sample right to its transition temperature. 
If the field is switched off much faster than 
the thermal relaxation rate of the sample, this 
point can be determined rather accurately as 
it involves a sudden decrease in the amplitudes 
of the whole train of ultrasonic echoes. One 
can make use of this fact to carry out measure- 
ments of the electrocaioric effect. An electric 
field is applied to the sample for a period of 
time sufficient to re-establish thermal equi- 
librium with the heat bath. Subsequently, the 
field is switched off and the effect on the 
attenuation observed. The field is varied, and 
this procedure is repeated at constant T,, until 
the onset of the increase in attenuation is 
determined. In this way, the value of the field 
the adiabatic removal of which induces a 
temperature change equal to T/»-7(. can be 
measured for different values of T«. 

The circles in Fig, 1 represent experimental 
data thus obtained with 10 MHz ultrasonic 
waves. The solid line is a theoretical curve 
calculated from the thermodynamic relation 
(2] Ti~T, = -fiT(2cpr'P\ in the 
linear dielectric constant approximation E = 



TO 300 500 700 900 1100 1300 

E (voU/cm) 


Fig. 1 Experimental results (circles) and theoretical 
calculations showing the change in temperature AT in- 
duced by the adiabatic removal of an electric field E. 
The solid curve corresponds to the linear dielectric con- 
stant approximation. The broken line indicates cor- 
rections due to the rapid increase of the heat capacity 
in the vicinity of the ferroelectric transition temperature. 
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piT-Tc)P. Since in our case T-T^-iiT, 
the relation between the temperature change 
AT and the electric field £ becomes 

AT = -(T/2f^f))‘''-'P« (1) 

The constant ^ = 3-8 10‘^c.g.s. was taken 
from Reesel3]; the heat capacity c erg/gr was 
derived from the molar heat capacity at zero 
field C,|= 100J/moleI4]; p = 2-34g/cm^ and 
T= 12rK. It can be seen that the agreement 
between theory and experiment is good except 
at low values of the field. There are, however, 
two factors which have so far been neglected, 
and which can lead to improved agreement in 
this region. First, the heat capacity increases 
steeply in the vicinity of TJ5]. The broken 
line in Fig. 1 shows the corrections obtained 
by taking this fact into account. Second, the 
Curie temperature is somewhat lower than 
Tell, 3], i.e. T„=Tr-8. Accordingly, the 
equivalent of equation ( 1 ) is 



This correction should improve agreement for 
AT < 8. The magnitude of 8 calculated from 
data presented by Reese[3] is too small to 
have any practical significance. The real value 
is probably larger[l,31, but it is not known 
with sufficient accuracy. To obtain good agree- 
ment in Fig. 1 a value of 8 - 0-01°K is needed. 
However, the experimental errors in this 
region of the figure are quite large and no 
such conclusion is justified. The data pre- 
sented here compare well with those obtained 
by Reese [5], except at high values of the 
electric field: the deviations due to non- 
linearities in the dielectric constant observed 
by Reese are absent in Fig, 1 . Direct measure- 
ments of the electrocaloric effect were carried 
out also by Baumgartner(6]. His data, how- 
ever, were taken at much larger fields than 
here and at an unspecified temperature. There- 
fore, no meaningful comparison with his 
results can be made. 


The method described here has the ad- 
vantage that it allows a rapid and direct 
measurement of the change in the temperature 
of the sample. However, the electric field and 
the temperature of the sample can not be 
varied independently. 

Deparlmeni oj Physu s. M. SHIMSHONI 

The Hebrew UniversUy. E. HARNIK 

Jerusalem. 
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Dielectric properties of single-domain 
melt-grown BaTiOs 

[Recpwcd 22 October 1969) 

The low and high frequency c -axis dielectric 
constants of clear melt-grown BaTiO^ crys- 
tals have been remeasured. Unusually large 
crystals (8x8x2 mm’) grown from solution 
by top seeding a TiOa-rich meltll] have made 
it possible to measure the high frequency 
clamped dielectric constant c/ at much lower 
frequencies (75 MHz) with greater precision 
than possible in previous experiments. Earlier 
measurements [2] were made on crystals 
which contained 180° domain walls (anti- 
parallel domains). The results reported here 
were obtained using a poled sample completely 
free of anti-parallel domains. 

The values obtained for the room tempera- 
ture (23°C) undamped (stress-free) and clamp- 
ed (strain-free) dielectric constants in single 
domain BaTiOj are (1 kHz) =135 and ej 
(75 MHz) = 60, respectively. These values 
compare with our previously published values 
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[2] of £, (100 kHz) = 150 and €/ (250MH2)= 
80. The new values of and e/ were found to 
be independent of the presence of 180° do- 
mains. It is noteworthy that our value of 
Cr is substantially higher than the value =• 
40 measured optically from polariton dis- 
persion data[3]. The origin of this discrepancy 
is not known. 

In Fig. 1 we show the temperature depen- 
dence of the undamped dielectric constants 
measured at 1 kHz on a single-domain crys- 
tal. These results differ somewhat from those 
reported previously [2, 4]. From these data 
we find a ferroelectric-paraelectric transition 
temperature T,.= 135°C, a Curie constant C = 
l-8xl0'’°C, and Curie-Weiss temperature 


ro= 1I2°C. It is of interest to note that the 
peak dielectric constant is given closely by 

The temperature dependence of the spon- 
taneous polarization P, was also remeasured. 
By measuring P, at two different temperatures 
and using the specific heat corrected pyro- 
electric data given earlier [2] we determined 
the temperature dependence of P,. Except for 
an increase in P, of 0 01 C/m^ at all tempera- 
tures the previously published curve of P, vs. 
T is correct. Thus, at 23°C, P,= 0'26 C/m^ 

Crystals of BaTiO^ slow cooled through the 
transition temperature in the presence of a 
poling field of several kV/cm usually contain 
anti-parallel domains (see Ref. [2] for poling 



Fig. I. Temperature dependence of the low frequency 0 kHz) dielectric 
constants in single-domain BaTiOj in the cubic and tetragonal phases. 
The reciprocal dielectric constant is also plotted as a function of tempera- 
ture in the cubic phase. 
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details). These 180° domains can be observed 
by placing the crystal between crossed polar- 
izers under a polarizing microscope. By rotat- 
ing the crystal with the c-axis in the plane of 
the polarizers so as to obtain good contrast, 
regions made up of short dense lines can be 
identified under low magnification (25-50 X). 
Under higher magnification the lines appear to 
be dagger-shaped. These regions are assoc- 
iated with 1 80° domains and usually form near 
crystal imperfections and the crystal edges 
where the polarization terminates. The 180° 
domains can be removed as follows: 

( 1 ) Crystals that have been poled to remove 
the 90° domains should be carefully polished 
and all chips or cracks must be removed. 

(2) Silver paste electrodes are then applied 
to the two surfaces perpendicular to the c- 
axis. 

(3) With the sample placed under a polar- 
izing microscope, spring contact connections 
are made. 

(4) The direction of the pyroelectric signal 
is determined with a microvoltmeter by slight- 
ly heating the sample (for example, with the 
illumination from the microscope lamp). This 
step determines the direction of the net polar- 
ization. 

(5) A static field of 3-5 kV/cm is then ap- 
plied to the sample along the direction of P, 
and the sample is poled for several hours or 
until the domains disappear. For a sample that 
has cracks or extensive surface damage, the 
final poling step may take several days or 
longer, since these faults act as 'barriers’ and 
impede the motion of the anti-parallel domains. 

Acknowledgemems-'^e wish to thank A. Linz of MIT 
for providing the BaTiOj crystals used in this study. 
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Electron paramagnetic resonance of Mn‘^ in 
zinc acetate dihydrate 

{Received \fi April I9b9, in revised form 2U June 1969) 

The paramagnetic resonance of undiluted 
manganese acetate tetrahydrate was studied 
by Abe and Morigaki[l]. There are some 
EPR studies reported, on diluted manganese 
acetate by Kumugai el fl(.[2], Hayashi el al. 
[3] and Ingram [4] . Kumugai et al. and Hayashi 
el al. studied the EPR of Mn(CH,,COO)j. 
3 H 2 O diluted with zinc ions, while Ingram 
reported the EPR of (Mn-ZnlfCHsCOOlj. 
4 H 2 O. In this paper, we report the resonance 
absorption of divalent manganese in zinc 
acetate dihydrale. 

The crystal structure of zinc acetate di- 
hydrate was reported by van Niekerk, 
Shoening and Talbot [5]. The unit is mono- 
clinic with cell dimensions f;„=14-50A. 
h„ = 5'32A.(„= II -02 A and (3= 100° O'. The 
four formula units in the tetramolecular unit 
cell are derived by the operation of the space 
group of symmetry C2/c. The projection of 
the unit cell along its h„ axis is given in Fig. 
1(6], For C2/c space group symmetry, the 
equivalent atoms are in the following posi- 
tions: 

±( 0 , u,\-,hu + hi) 

and 

± (x.y.z.x.y. z-Li; A + i.y-l- J, c;.r-l- J. 

i-y,z-Fi). 

The zinc atom lies on the two fold axis, 
parallel to b-^xh. The six nearest neighbours 
of zinc atom, forming a greatly distorted 
octahedron, are two oxygen atoms (O, and 
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Liji. I I he monodjnic slruciurc of zinc acetate dihydrale. 
projected along its Vaxis (letl hand axes). 

0|") at a distance of 2- 17 A, two more oxygen 
atoms of the two acetate groups (O., and O/') 
at 2' 18 A and two water molecules (H^O and 
HjO") at 2' 14 A. The atoms or molecules with 
a superscript 'O’ are obtained from the corres- 
ponding non-subscripted ones by a two fold 
rotation parallel to h-dxh, through the zinc 
atom. The nearest neighbours subtend angles 
atZn“* as given below: 

0,-Zn-0,'' - I58“, 0.,-Zn-0.,'* - 8.5”, 
H/)-Zn-H,0" = 94", 

7'hc Mn-' ion is doped substitutionally, in 
the lattice of Zn(CHjCOO) 2 . 2 HjO at Zn^'^, 
by adding a small quantity of MntCH.-iC’OOlj. 
4 H. 2 O (about 2 per cent by weight) to 
ZntCH;,(',00).2,2H,20. The single crystals 
of Mn’^ doped ZniCH.Z'OOls'SHaO were 
grown by slow evaporation, at constant 
temperature of the saturated solution in 
distilled water, of Mn{CH3C00).,,4H.20 
and Zn(CH,iC00)2.2H20. The crystals 
grew in the form of thin plates parallel 
to be plane. 

The experiments have been carried out at 
room temperature using the Varan K-4502 
EPR spectrometer, operating at A'-band 
microwave frequency. The magnetic field 
was modulated with lOOkc/sec frequency 
and was calibrated by the .standard field 
marker DPPH. The intensity of the magnetic 


field at the DPPH resonance field was 
measured by the proton resonance frequency 
using Gertsch Model FM-3, VHF-frequency 
meter. 

The divalent manganese ion has an outer 
shell configuration of Odf electrons and 
hence the ground state In a field of 
orthorhombic or lower symmetry, the ground 
state splits into three Kramer’s doublets and 
this gives rise to the fine structure of EPR 
of Mn^^. The manganese nucleus Mn“^ 
(100 per cent abundant) has a nuclear spin 
/ = 5/2 which gives rise to hyperfine struc- 
ture due to the interaction between the 
nucleus and the electrons. The number of 
allowed transitions obeying the selection 
rule (A/W = ± I , Am = 0) is 30. 

A single group of 30 allowed transitions 
have been observed along all the directions. 
Considering Zn-+ to be the origin as regards 
the orientation of the other atoms or molecules 
relative to Zr\-\ two of the four molecules 
of Zn(CH:iC 00 )j. 2 H 20 are identical, while 
the other two are derived from the above pair 
by a reflection in the crystallographic a.c. 
plane. As far as the magnetic resonance 
properties are concerned, all the four sites 
of Zn-' are identical and hence the observa- 
tion of single group of 30 line absorption 
spectrum. Similar observation has been 
made for the tetramolecular calcium tung- 
state (CaWO,,) and pyroxene diopside 
(CaMg>Si.20|i). The EPR of Mn" ion in 
CaWO^ was studied by Hempstead and 
Bowers) 71 and that in CaMgjSijO,! by Vino- 
kurov el a/.(8], and in both the cases a single 
group of 30 lines has been observed indicating 
that all the paramagnetic complexes are 
magnetically equivalent. The principal y- 
axis coincided with the two-fold symmetry 
axis (crystallographic i>-axis). 

The observed spectra have been analyzed 
using the spin-Hamiltonian 

+ d ( s -^ - -I- £(5/ - 5/) 
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+ /4 jS,/, + /I j.5x/x + >4 . 

The spin-Hamiltonian constants are given 
in Table 1. 


Table I. Spin Hamiltonian constants of 
Mn^'^ in zinc acetate dihydrate at room 
temperature. Aj., A„, and Aj are taken as 
negative and accordingly the signs of other 
constants have been assigned 


a, = 20013+0001 
= 2 0014 + 0 001 
= 2 0024 + 0 001 
D = 248 + 0-5 0. 

£ = -25-5+ 1-50. 
= -89 6 + 0-50. 
=-89 9 + 0 50. 
/I„ = -89 3 + 0-5G. 


The linewidths are of the order 7G, while 
the sharpest line has a width of about 30. 
This smallness of the linewidth is due to the 
fact that four of the six ligands surrounding 
are oxygens, which because of their 
zero nuclear spin, do not contribute to the 
dipolar interaction between the spins of the 
ligand nucleus and the paramagnetic ion. 

The linewidths of M = +i -* transition 
are small as compared to the linewidths of 
line structure transitions involving higher 
quantum numbers. This variation of linewidth 
with the fine structure transition has been 
observed to be minimum along the crystallo- 
graphic b-'d\is. This phenomenon has been 
observed in some cases previously [7, 9] 
and is explained as due to static fluctuation 
of local crystalline field. 

The intensity of the allowed transitions 
goes off very rapidly as the direction of the 
magnetic field is changed from either the 
principal z-axis or the principal xy plane. 
In Mn^+iSrCyiO], same phenomenon has 
been observed and has been explained 
theoretically by Bir[l 1]. 

Besides the (AM = ± 1, Am = 0) transitions, 
nuclear forbidden (AM = ± 1 , Am = ± 1) 
transitions have been observed. The assign- 


ment Am = ± 1 has been made by studying 
intensity variation of the forbidden transition 
with the direction of the magnetic field off the 
principal axis [12]. 

The nuclear forbidden transitions have been 
observed in many systems [12- 17], of cubic, 
axial and orthorhombic symmetries. The 
occurrence of nuclear forbidden transitions 
has been explained in terms of second order 
mixing of the hyperfine con.stant A, with the 
fine structure constant V[18], ‘D’[12, 13] or 
‘D’ and ‘£’[16] for the cases of cubic, axial 
or orthorhombic symmetries, 

The strong angular dependence of the 
allowed and forbidden transitions, as has 
been observed in the present case and in 
Mn-^ rSrCIjilO] is explained by Bir[11] as 
due to the strong angular dependence of the 
overlap integral of the nuclear spin functions. 

For the orthorhombic symmetry, assuming 
g to be isotropic the separation of the for- 
bidden doublets (Am = ±l) in M = J~»-i 
transition is given as [ 1 6] 




\ 1 B^ , Msu_ 


gfi 


Q'l} cos'^fl- 1) 


+ 3Q" sin^ 0 cos 2(t> 


1 ) 


X(2m-f-l)--y^(2m-l-l) 


where Q' and Q' are quadrupole interaction 
terms of the Mn^^ nucleus with the electric 
field gradient. We have obtained from separa- 
tions of forbidden doublets at ^ = 10° and 1 5° 
from z-axis in zx plane, Q’ = 0-402 G and 
Q" = 41G. 
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Abstract- A detailed experimental study of the temperature dependence of the asymmetry m the 
Mdssbauer spectra of the dimenc iron compounds (Fe salen Cl), and (Fe salen),0 is reported. It is 
proposed that the integral asymmetry of the quadrupole doublet from (Fe salen Cl), is due to aniso- 
tropy in the recoilfree fraction. A theoretical study of relaxation effects describes approximately the 
temperature dependence of the peak height asymmetry, the main defect of the theoretical treatment 
being probably the neglect of crystal field splittings. Observations of the spectra at 4'2“K in applied 
fields of up to 90 kOe venfy that the ground state for both compounds has zero spin and also lead to 
information concerning the polarity and asymmetry of the electric field gradients. 


1. INTRODUCTION 

We have recently reported[l] observations 
of the Mdssbauer spectra of the dimeric iron 
compound (Fe salen COj where salen = 
iV.iV ’-Ethylenebis-(salicylaldiminato) anion. 
The spectra consist of a quadrupole doublet 
which is symmetric at 4-2°K and asymmetric 
at 78 and 298°K. A qualitative explanation 
was given in terms of the effects of inter- 
molecular spin-spin relaxation. We describe 
here a more detailed study of the temperature 
dependence of the spectra obtained in zero 
applied magnetic field, observations of the 
spectra from (Fe salen CDj and (Fe salenljO 
in applied fields of up to 90kOe and the 
results of a theoretical study of the effects 
of spin relaxation on the zero field spectra. 

The dimeric iron(lll) Schiff-base com- 
plexes (Fe salen CDj and (Fe salenliO were 
first prepared by Pfeiffer and T sumaki [2] and 
their magnetic susceptibilities determined 
over a limited temperature range by Klemm 
and Raddatz[3J. X-ray structure studies [4] 
of (Fe salen CD^ showed that the two iron 
ions are octahedrally coordinated and stereo- 


chemically equivalent. The dimer is formed 
by the sharing of two ligand oxygen atoms 
by both iron atoms, the resulting intramolecu- 
lar Fe-Fe distance being 3’291 A. From 
measurements of the susceptibility, Gerloch 
et a/.[5] showed that the effective magnetic 
moment per iron ion decreases from 5-36 /zg 
at 3(K)‘’K to 3-7,‘5^g at 82‘’K and that this 
temperature dependence could be well 
explained by assuming antiferromagnetic 
exchange between the two iron ions such that 
^ = -2JS, .S 2 with an exchange integral 
y = -7'5±0-6cm“’ and a g-value of 2-02. 
From the susceptibility at high temperatures 
(Tf>\J\lk) the iron spin state was un- 
ambiguously shown to be S = i Reiff et al.[6] 
extended the susceptibility studies down to 
22°K and arrived at virtually the same values 
ofgandJ. 

The crystal structure of (Fe .saleniiO has 
not yet been reported. However crystal 
structure studies of (Fe salen)20 ./jy2[7, 8) 
indicate that the dimer involves two (Fe 
salen) moieties bridged by an oxygen atom, 
the oxo-bridge being bent to an angle of 139°. 
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The iron ions are penta-coordinated as the 
pyridine molecules are not bonded to them. 
The structure of (Fe salenljO is probably 
very similar. The temperature dependence 
of the susceptibility is well explainedl9] by 
antiferromagnetic exchange between the two 
iron ions with 5 = i ^; = 2 00 and a large 
exchange integral J of order -95 cm' How- 
ever because the susceptibility has not been 
measured to temperatures \J\lk this spin 
assignment is not unambiguous and a value 
5 = i is also possible. 

2. EXPERIMENTAI. 

The eomplexes were prepared as described by I.ewis 
and co-workers(5, V] and microanalysed Room tem- 
perature magnetic susceptibilities were measured as a 
further check on purity. 

The Mossbaucr .spectra were obtained with source 
and absorber at the same temperature by means of a 
constant acceleration electromagnetic drive and 400 
channel pulse-height analyser operating in tune mode. 
The zero field spectra were obtained using a lOmCi 
source of ”( 0 in Pd. I or the high field spectra a I0m( i 
source of ''T o in Cu together with an Oxford Instrument 
Company 100 kOe superconducting solenoid was used. 
The absorbers were microcrystalline and thin, typically 
of the order of 6 mg of natural iron/cm^, in order to avoid 
any broadening of the resonance lines. Room tempera- 
ture spectra were taken with the absorber at OOandal 4.^'’ 
to the detection axis to test for any preferred orientation 
m the samples The spectral parameters (isomer shift, 
quadrupolc splitting, peak height and area ratios) were 
obtained using an iterative curve fitting procedure! 101. 

3. MOSSBAl/ER SI’KCIRA IN ZERO APPLIED 

MAtiNETIC FIELD 

Mbssbauer spectra of'tFe salen CDj were 
obtained al a number of temperatures between 
4-3()0“K. Both the isomer shift of -I-0-62 
mm/.sec with respect to sodium nitroprus.side 
and the quadrupole splitting of 1-38 mm/sec 
were essentially temperature independent in 
this range. For an Fe'" ion this is a normal 
isomer shift; the quadrupole splitting is large 
as expected for the strongly anisotropic 
environment of each iron site. The spectra 
obtained at 4-2, 78 and 298‘’K have been pub- 
lished previously [1]. Al 4-2°K the quadrupole 
doublet is effectively symmetric; at higher 
temperatures the peak heights and intensities 


of the two lines are different. No difference in 
the asymmetry at 298'’K was observed with 
the absorber at 45° to the incident y-rays, 
indicating the absence of any preferred orien- 
tation. In Fig. 1 the ratios of the height and 
area of the peak at positive velocity to the 
height and area respectively of the peak at 
negative velocity are plotted against tempera- 
ture. 

We propose that the integral asymmetry of 
the quadrupole doublet is due to the Karyagin 
effect [11], i.e. the anisotropy in the recoil-free 
fraction. A dimeric molecule such as (Fe salen 
CDj might be expected to exhibit a fairly 
strong Karyagin effect at higher temperatures. 
However to test whether an asymmetry of 
order 9 per cent at the relatively low tem- 
perature of 150°K is feasible we now make an 
estimate of the effect of this upon the /-value. 
For atomic vibrations having tetragonal sym- 
metry. the /-value for a polycrystalline 
material may be expressed [ 1 1 , 1 2] as 

/' = e-''°*'‘'dcos9 (1) 

where e - - (x‘}). 

The area ratio, R = Imllvi of the two peaks 
is then given by 

(I-l-cos^^) 

— ( 2 ) 

(5/3-cos‘^(f ) 

where the electric field gradient (EFG) is 
assumed to have the same symmetry as the 
atomic vibrations. The area ratio plotted in 
Fig. 1 equals R if the EFG is positive or MR if 
it is negative. As discussed below, it is almost 
certain that the EFG is negative but we con- 
sider both possibilities here. Flinn et a/.[13J 
have evaluated the integrals in (2) numerically 
and plotted as a function of e. From our 
value of the area ratio we can therefore deter- 
mine e and at 150°K we obtain from expres- 
sion (1): 





components of ( Fe salen Cl ): 
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/' = 0-66e~'‘*<'’' if the EFG is negative 

{R > 1,€ < O.iz^) < 

and (3) 

/' = O-SOe""'*'’' if the EFG is positive 

(«<!,«> < iz^)) 

where in both cases we have chosen the 
exponential factor involving the axis (x or 
along which the least vibration takes place. 

At 1 5()°K we have measured the /-value of 
(Fe salen Cllv and obtained /' = 0-57±0-05. 
This value can .satisfy either of equations (3), 
i.e. the coefficients 0-66 and 0-80 are not too 
small. However, assuming a negative EFG. 
if the integral asymmetry at I50°K was as 
large as 15 per cent, the /Walue calculated 
from (i ) would be too small. Hence the mag- 
nitude of the observed integral asymmetry is 
not too large to lead to any inconsistency in 
the rccoilfree fraction. The form of the tem- 
perature dependence of the integral asym- 
metry is similar to that observed by Stockier 
and Sano[l4| for polymeric (CHnInSnF. 

Curve B in Fig. I represents the tempera- 
ture dependence of the peak height ratio 
corrected for the integral asymmetry, i.e. this 
IS the peak height ratio which would be 
observed in the absence of the Karyagin 
effect, We believe that this asymmetry in 
the peak heights is due to relaxation effects. 
An antiferromagnetic coupling between two 
5 = S ions described by = —US, . leads 
to a series of multiplets with resultant spin 
5' = 0, 1, . . , 5. The ground state is S' = 0. 
Assuming that the crystal field splitting of the 
multiplets is small in comparison with J, the 
energy is given by E(5') - I). 
taking the ground state energy as zero. Hence 
the multiplet energies are spread over 30jy|. 
At 4-2°K the observed quadrupole doublet is 
symmetric. For a single magnetic ion such a 
spectrum could only be observed if the ionic 
relaxation was much faster than the pre- 
cessional frequency of the nuclei in the hyper- 
fine magnetic fields. However for a dimeric 
molecule with antiferromagnetic exchange 


such a spectrum is expected regardless of 
relaxation if the temperature is low enough 
for only the 5' = 0 state to be significantly 
populated, since (5/) and (S/) must then 
vanish. 

At higher temperatures multiplets with 
5 ' 5^ 0 will also be populated. The first excited 
multiplet {S' = 1) is centred at about 2|y| = 
1.5 cm '. The states, other than those for 
which AY' = 0. in these higher multiplets will 
have non-vanishing magnetic hyperfine matrix 
elements. The observed peak height asym- 
metry is typical of the effect of fluctuating 
hyperfine fields with an electronic correlation 
time which is comparable with the nuclear 
precession time for the /^ = ±| -> /^ = ±3 
transitions but still sufficiently fast for nuclei 
undergoing transitions to the ± j excited states 
to experience effectively the zero time 
averaged magnetic field [1 5]. This is strictly 
true only when the hyperfine fields are parallel 
to the principal axis of the EFG; when they 
are perpendicular, it was shown by Blume and 
Tjonllh] that it is the line to the Jg = ±i 
excited states which broadens first. The 
dominant spin relaxation process here will be 
that of mutual spin flips involving the j 5 ' , W ' ) 
states of different molecules. For spin flips 
induced by dipolar coupling between the 
molecules, the only process which conserves 
energy is when the M' value of one molecule 
increases and that of the other decreases by 
one. Since the crystal field splitting of different 
multiplets will be different, conservation of 
energy also requires that such spin flips can 
only be between pairs of molecules which 
have the same S' values. As the temperature 
is raised and the populations of the higher 
multiplets increase it is expected that the peak 
height asymmetry would increase, since 
states with higher S' values will have larger 
hyperfine fields, and also the relaxation should 
become slower because, as more states 
become populated, the probability of a par- 
ticular molecule having a neighbour in a state 
suitable for flipping will decrease. However 
this trend will be reduced somewhat because 
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the dipolar interaction between molecules 
in higher S' multiplets will be stronger thus 
tending to reduce the relaxation time. Hence 
qualitatively the increased peak height asym- 
metry at higher temperatures is accounted for 
by assuming that exchange energy dominates 
the spin Hamiltonian leading to an increase 
in magnetic hyperfine interaction and slower 
ionic relaxation as the temperature increases. 
A quantitative study of this is described below. 

The Mossbauer spectrum of (Fe salenljO 
obtained at 298°K was similar to that reported 
by Bancroft el a/. [17]. The peak height ratio 
was found to be 0-97 ± 0 0 1 and an area ratio 
of 1 00 ±0-0] was obtained. The absence 
of any Karyagin effect here is not surprising 
when the probable structure of this dimeric 
molecule is considered. The anisotropic 
vibration parameters estimated [8] for the 
iron atoms from A'-ray studies of (Fe salenIjO. 
pyj suggest that the thermal motion is nearly 
a vibrational sphere. However, of course, the 
vibrational frequencies relevant to Mossbauer 
and X-ray diffraction are different. At 78°K 
the spectrum was symmetrical. As discussed 
previously [1 8] this asymmetry of 3 per cent 
at room temperature is reasonable since for 
this complex \ J\lk =» 137°K. Also the actual 
relaxation rate will depend upon the chemical 
structure and particularly upon the dimer- 
dimer distances. 

4. MOSSBAUER SPECTRA IN APPLIED 
MAGNETIC FIELDS 

Spectra obtained with (Fe salenIjO and 
(Fe salen CDs various applied fields of 
up to 90kOe at 4-2°K are shown in Figs. 2 
and 3. These are very similar to theoretical 
spectra calculated by Collins and Travis [1 9] 
for the case of no hyperfine magnetic field 
with a detection axis parallel to the applied 
field and a randomly oriented EFG. Com- 
parison between the observed and theoretical 
splittings leads to values for the field acting 
at the nuclei as given in Table 1, The field 
at the nuclei is always a little less than the 
applied field. We believe that this discrepancy 


Table 1. Comparison of applied magnetic 
fields and the fields acting at the nuclei as 
deduced from the Mossbauer spectra 

Observed field at the iron nuclei 
Applied field (kOe) 


(IcOe) 

(Fe saletDjO 

(Fe salen CDj 

30 

24±3 

21±3 

50 

44±5 

39±5 

90 

88±6 

85±6 


is significant and must represent some kind 
of shielding phenomenon such as a small 
induced negative hyperfine field. However 
the striking feature of the ob.served spectra 
is the lack of any substantial hyperfine field. 
In the absence of strong exchange, one 
expects to observe a hyperfine field of order 
—300 to -550 kOe at the nuclei of Fe’^ ions 
with such a large ratio of the applied field, Ha. 
to temperature as used here [20], The observa- 
tion that there is no such field under these 
conditions in a compound which at higher 
temperatures exhibits a large paramagnetic 
susceptibility together with relaxation 
broadened Mossbauer spectra is definitive 
evidence for a spin zero ground state with an 
exchange integral much larger in magnitude 
than gpnHd- Hence our spectra support 
very well the earlier interpretations of the 
temperature dependent susceptibility in 
terms of antiferromagnetic coupling within 
the dimeric molecules. 

The computed spectra of Collins and 
Travis [19] show that when the EFG asym- 
metry parameter t; = is 

zero, an applied field causes the -> ±i line 
to split into a poorly defined doublet. The 
—* ±i line splits into a triplet with well 
resolved outer lines and a weak inner line. For 
ij ^ 0 a weak inner line appears between the 
two ±? lines and for r; = 1 the spectrum is 
symmetrical, both the ±i and lines splitting 
into identical triplets. An examination of the 
(Fe salenIjO spectra shows unambiguously 
that the line at negative velocity is from the 
±i -r transitions so that the EFG is 
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Fig. 2. Miissbauer spectra of (Fe saletDjO at 4-2°K in various applied magnetic fields. 


positive. The lack of any strong asymmetry ±| line which broadens so that it can also be 
in the spectra shows that 17 is of the order of concluded that the hyperfine field is parallel 
0-8. Comparison with the room temperature to the principal axis of the EFG. 
zero field spectrum then shows that it is the The spectra of (Fe salen CDj in applied 
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fields. 


fields indicate that 17 is small but certainly 
non-zero. The lines at negative velocity are 
consistently broader than those at positive 
velocity, especially in 90 kOe. Also the inner 


line of the triplet at positive velocity is con- 
siderably more intense than that at negative 
velocity. Hence there can be little doid>t 
that for this complex the EFG is negative. A 
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comparison with higher temperature zero 
field spectra then shows that the hyperfine 
field must be perpendicular to the principal 
axis of the EFG. However there is a small 
element of doubt here since the central peak 
of the ±i triplet is considerably more intense 
than in the spectra calculated by Collins and 
Travis. Since no integral asymmetry is ob- 
served in the zero field spectra of either 
complex at 4'2°K, no distortion of the applied 
field spectra due to the Karyagin effect is 
expected. 

S. THEORY OF THE REI.AXATION EFFECT.S 

As described above, it is expected that the 
dominant ionic relaxation process will be 
mutual spin flips between ions with the same 
value of S' and with M' values differing by 
one. Hence at any given temperature the zero 
field spectrum will be a superposition of 
independent relaxation spectra from each of 
the six multiplets. We have made calcula- 
tions of such spectra using the stochastic 
model of Ander.son[21 1 as modified for 
Mdssbaucr calculations f I?, 22 1. 

I 'or each multiplei we assume the Hamil- 
toniiin 

-f'ln - (213//- /■’-t-hi 

+ f;fih{S')IJ'{n (4) 

where is the unperturbed Hamiltonian. 
fjt the nuclear magnetic moment and /(/ ) is 
the function of time which describes the 
fluctuation of the electron spin component S-. 
Hence for the S' multiplet /(/) can take on 

the values -.V -5 ' + 1 S'. The quantity 

li(S') is the hyperfine magnetic field for a 
molecule with total spin S ' when in the state 
M' = S'. By the Wigner-Eckarl theorem 
within the multiplet 5' the hyperfine field for 
the state \ S'M’) will be proportional to M’. 
Also for a symmetric dimer <S,*) = (52*) = 
{M' so provided that we may neglect the 
contribution to the hyperfine field at the 
nucleus from the spin of the other atom in 
the molecule, the hyperfine fields for all 


\S'M'} states are proportional to M'. Hence 
in (4) we may write 

h(S’) = iHS'IS = HS'l5 (5) 

* 

where H is the normal hyperfine field for an 
Fe''^ ion. Taking H = 550kOe[20] equation 
(5) means that the Hamiltonian (4) for each 
multiplet is completely defined. 

To calculate the spectra we assume that 
the nuclei do not change their states during 
the time averaging of the electron spin, i.e. 
that the nuclear relaxation is much slower 
than the electronic relaxation. We also assume 
that the electronic relaxation is a Markov 
process and that for a given molecule the 
transition probability between the states 
|5'W;) and |5'M') is of the form [231 

( 6 ) 

Here the fourth power enters because the 
golden rule for a single transition -► 
involves the square of the matrix element and 
the assumption of a spin flip involves a 
corresponding transition -v A/,' for a 
neighbouring molecule. n{M.[]K the fractional 
population of the level. Assuming that 
crystal field splittings are small, then all levels 
in a given multiplet have the same population 
given by 

«(5') = e"’'''’"^”"‘V I (7) 

We define an effective relaxation time para- 
meter T as the reciprocal of the constant C and 
T is now the only adjustable parameter in 
the theory which gives the spectra from all 
multiplets. 

For the case of axial symmetry and an EFG 
which is parallel to the hyperfine fields, tj = 0 
and the Hamiltonian (4) is then diagonal in 
/j. As above, for a number of temperatures, 
the spectrum was calculated as a superposi- 
tion of spectra from each multiplet. For the 
5 ' multiplet the contribution of each Zeeman 
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line to the spectrum is obtained by inversion slow relaxation, say t > 10‘“ sec, the final 
at each velocity point of a transition rate total spectrum was a superposition of the 
2(25'+ 1) X 2(25' + 1) real matrix A. The symmetric doublet from the 5' = 0 state 
resulting line shape is a normal six line and undistorted six line spectra from the other 
Zeeman pattern folded together according multiplets. For fast relaxation, say t < 10“‘^ 
to the time average of the stochastic factor, sec, almost symmetric quadrupole doublets 
In the calculations the experimental line- resulted at all temperatures. For an inter- 
width of 0-3 mm/ sec was assumed. For very mediate range the spectrum, at temperatures 



T OK 

Fig. 4. Temperature dependence of the calculated peak height ratio, with the 
EFG parallel to the hyperfine fields, for (Fe salen Cllj for variou.<i values of the 
relaxation parameter t (given in sec). The experimental peak height ratio corrected 
for the integral asymmetry is also plotted. 


/ 
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high enough for 5 ' 0 states to be populated, 

was an asymmetric quadrupole doublet with 
a temperature dependent peak height asym- 
metry which is plotted in Fig. 4 for various 
values of t. Over this range of t the area 
ratio was always unity showing that relaxation 
effects could not account for the observed 
integral asymmetry. 


Spectra were also calculated for the case 
of axial symmetry but with the hyperfine 
fields perpendicular to the principal axis of 
the EFG according to the Hamiltonian 

( 8 ) 

To perform the calculations the equivalent 



T "K 


Fig. 5. Temperalure dependence of the calculated peak height ratio, with the EFG 
perpendicular to the hyperfine fields, for <Fe salen CDj for various values of the 
relaxation parameter t tgiven in sec). The experimental peak height ratio corrected 
for the integral asymmetry is also plotted. 
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Hamiltonian (4) was used[16] with Q = -iQ' 
and 7) = —3. The problem is now somewhat 
more complex since the Hamiltonian is no 
longer diagonal in /, and the fluctuating fleld 
can induce transitions between the quadru- 
polar eigenstates. This is allowed for by 
modifying the matrix with a matrix B involv- 
ing the previously forbidden iim, = ±l transi- 
tions as derived by Blume and Tjon[16]. 
The results obtained were similar to those 
for a parallel EFG except that now it is the 
line instead of the ±\ line which exhibits 
the strongest relaxation broadening. The 
peak height ratio is plotted against tempera- 
ture for various values of t in Fig. 5. 

The observed peak height ratios for (Fe 
salen CDj are also plotted in Figs. 4 and 5. It 
is seen that the theory leads to an approxi- 
mate description of the observed results. 
However the only adjustable parameter r 
exhibits some temperature dependence 
varying from about 2-5 X 10'" sec to 4 X 10'" 
sec for a parallel EFG and from about 
8x 10'" sec to F5x 10''" sec for a perpen- 
dicular EFG. This defect in the theory may 
well be due to our neglect of crystal field 
splitting. A significant splitting of the 5' = 1 
multiplet could appreciably affect the spectra 
obtained at low temperatures. 

Spectra were also calculated for a perpen- 
dicular EFG without pure axial symmetry, 
i.e. with a non-zero asymmetry parameter 

= Taking the value 

7)' = 0-3 only changed the value of t for the 
best fit of the data from 1 x 10'"’sec to 1-4 x 
10''" sec. 

The results of these calculations may be 
applied to any compound with antiferromag- 
netically coupled S == f ion pairs since the 
ratios plotted in Figs. 4 and 5 are functions 
oiTU. 

6. CONCLUSIONS 

After allowing for an integral asymmetry 
due to anisotropy in the recoil free fraction, 
the zero field spectra of (Fe salen CDj are 
described approximately by a model in which 


crystal field splittings are assumed to be small 
in comparison with the intramolecular 
exchange and the dominant electronic relaxa- 
tion process is that of mutual dipole induced 
spin flips. The 3 per cent peak height asym- 
metry obtained with (Fe salenljO at 298‘’K 
is also consistent with a similar relaxation 
effect since the exchange integral is much 
larger for this compound. Spectra obtained 
from both compounds at 4-2°K in large 
applied fields do not exhibit any appreciable 
hyperfine field verifying that the ground 
state involves zero total spin. For (Fe salenljO 
the EFG is positive with a large departure 
from axial symmetry. The principal axis of 
the EFG is parallel to the hyperfine magnetic 
fields. For (Fe salen CDj the symmetry is 
more nearly axial. The EFG is probably 
negative and perpendicular to the hyperfine 
magnetic fields. 
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Ncile added in procif. (a) In this paper, statements 
concerning the sign of the EEG in fact refer to the sign 
of V„. which is opposite to that of V . £. (b) It has been 
brought to our notice by S. V. Karyagin that the effect 
upon quadrupole doublets due to anisotropy in the recoil- 
free fraction should be referred to as the 'Gol'danskii' 
Karyagin effect'. 
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Abstract -The orthogonalization procedure for obtaining the electronic wave-function at the nucleus 
in Sn from the pseudo-wave-functlon is compared with a matching calculation, and the agreement 
is good. An expression is obtained for the total charge density at the nucleus in terms of the pseudo- 
potential 


1. INTRODUCTION 

The isomer shift of Mossbauer nuclei, in 
which the resonance frequency of the y-ray 
depends on the charge density of the atomic 
electrons at the nucleus, provides an interest- 
ing tool to study the effect of crystal structure 
on the electronic structure of a crystal, In this 
paper we show how the pseudopotential 
formalism may be used to calculate the total 
electron charge density at the nucleus of an 
atom in a crystal, and we apply our results to 
the case of Sn. In a subsequent paper we 
calculate the isomer shift in a-"*Sn, j3-""Sn 
and ""SnlVlga and consider the change in 
shift under pressure, and the agreement with 
experiment is good. Our method may also be 
easily modified to calculate the structure- 
dependence of the Knight shift, which 
depends on the charge density at the nucleus 
produced by electrons at the Fermi level 
rather than the total charge density at the 
nucleus. 

The advantage of the pseudopolential 
method of treating metallic crystals is that the 
energies and wave-functions of the conduction 
electrons outsicfe the atomic cores may be 
calculated by a perturbation expression, the 
structure-dependence of the wave-function 
appearing in first and higher order terms. It is 
usually sufficient for simple metals to calculate 
wave-functions to first order and of course 
the success of the method is related to the 
nearly-free-electron like behaviour of the 


conduction electrons outside the atomic 
cores. To obtain the actual rapidly varying 
wave-function ipk inside the core from the 
smooth pseudo-wave-function f/ii is easy for 
orthogonalized plane wave pseudopotentials, 
when i|»ii inside the core is obtained simply by 
making (/)|,orthogonal to the core states by a 
Schmidt procedure. This method has been 
discussed in connection with Knight shift 
calculations by Holland [I], and in Section 2 
of this paper we shall discuss this ‘orthogonal- 
ization procedure’ in connection with finding 
the total electron density at the nucleus in 
‘'“Sn. 

We know that in practice there is no differ- 
ence between the OPW form and other forms 
of the pseudopotential [2J, including the model 
potential of Heine and Abarenkov[3,4]. 
This suggests that the orthogonalization 
procedure will give a good approximation to 
i/<k inside the core from a derived from any 
pseudopotential. However it is possible to 
find i|/k exactly knowing by a matching 
calculation, because is just the solution 
of the Schrddinger equation inside the core 
which matches on to cjn at the core radius. In 
Section 3 we shall show how the matching 
procedure to determine i//k(0) at the nucleus 
can be reduced to a form comparable with the 
orthogonalization procedure, and in fact we 
shall see that the two methods agree sur- 
prisingly well for Sn. One of the conclusions 
from Sections 2 and 3 is that if 4>k is made up 
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of one or two plane waves having the same |k{, 
for example at a Brillouin zone boundary or 
well inside a zone, is approximately 
proportional to (^,,( 0 ) the constant of propor- 
tionality being relatively independent of k. 

In Section 4 we shall use the results of 
Sections 2 and 3 to express the total conduc- 
tion electron density at the nucleus in a given 
crystal structure as a sum over the reciprocal 
lattice vectors g to first order in the total 
pseudopotential Vig). This result is very 
convenient for calculating the effect of struc- 
tural and volume changes on the isomer shift. 
In summing the effects of V(g) on |i|<i,(0)p 
through the Fermi sphere there is cancella- 
tion from the states on either side of the 
Brillouin zone boundary, and as in a calcula- 
tion of the band-structure energy [5] the 
change in electron density at the nucleus 
comes from the states well away from the 
zone boundary. In the complete first-order 
perturbation calculation we shall see that the 
total conduction electron density at the 
nucleus is no! simply proportional to the 
pseudo-electron density there. 

1. IHE ORTHO(;ONAIJ7ATION PROCEDlfRE KOR 
THE ISOMER SHin 

The frequency of the y-ray emitted by a 
given Mossbauer nucleus changes from crys- 
tal structure to crystal structure, the shift in 
frequency being given by: 

8’ Ur),-{r)„)(p(0),-MOb.). (D 

where (r),. is the mean square nuclear 
radius in the excited state, (r>„ the radius in 
the ground state, and (p(()), -ptOy the 
difference between the electronic (,v-wave) 
density at the nucleus in the two crystal 
structures. We shall assume that the core 
states in the Mossbauer atom undergo little 
change as we vary the crystal structure, so: 

p(0),-p(0)2 = p,,(0),-p,.(0)a, (2) 

where p„( 0 ) is the valence or conduction 


electron density at the nucleus. Clearly, 

P,.(0) = S|W0)K (3) 

the sum being over all occupied states i/ik. 

Now in the pseudopotential method we 
find, usually by perturbation theory, the 
pseudo-wave-function (l> (r) which is the same 
as i/> (r) outside the ion cores and has the 
same energy. We know that the real wave- 
function must be orthogonal to the core 
functions and we expect that with any pseudo- 
potential the orthogonalization procedure will 
be a fairly satisfactory method for obtaining 
from 01 ., especially if the core is small and 
there are lots of core states: 

'/'k(r)„„ = 0k(r)- S 'I'Jr-r,) f 

rar *' 

0k(r')dV'. (4) 

The summation is over all atomic sites r, and 
over all core states 0 „. Equation (4) gives us a 
wave-function 0 i,(r)„„ which is certainly 
orthogonal to the core states and is the same 
as the real wave-function outside the core. 

Equation (4) gives us a particularly simple 
form for 0|.(O) when we expand 0i,(r) as a Sum 
of plane waves over the reciprocal lattice 
vectors g: 

</'k('') = 2 "huexp{/(k-fg) .r). (5) 

Let us consider the wave-function at the 
nucleus at the origin. Then the core wave- 
functions from neighbouring atoms do not 
overlap, and so (4) becomes: 

'l'k(<))»i.= S "k+j-I I r?k+, J 0*(r) 

i a g 

exp {/(k + g) , r}dV 

= 2 ak^,/(|l‘-^-g|) (6) 

t 

where 

/(^) = i-2 0„(O) / 0;:(r) 

Q 

exp ((k . r)d^r. 
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We note that the sum in (6) over core states 
reduces to a sum over the i-states alone. The 
advantage of (6) is that we now have a func- 
tion /(A:) which is simply a property of the 
Mossbauer atom, and the effects of potential 
in the crystal due to structure, different 
neighbouring atoms and so on are all contained 
in the coefficients 

Figure 1 shows f(k) for Sn calculated using 
the Herman and Skillman[61 values for the 



core wave-functions. We note that f(k) does 
not vary much over the range of k-vectors 0 
to kf (in/3-Sn ky = 0-87 a.u.)*. 

Now to zeroth order, 

= n exp (/k . r; 

where n is a normalising constant, so from (6) 
p„(0) is simply proportional to the free- 
electron density at the origin. Also if 


*We use atomic units in which e=h=ni = I . 


if>k(r) = {exp (tk . r) ±exp (-/k . r)} , 

as near a Brillouin zone boundary, ili^tO) is 
proportional simply to <f)t(0), the constant of 
proportionality/(A:) being roughly independent 
ofk. 

3. MATCHING PROCEDURE 
To obtain the actual wave-function inside 
the ion core in a matching (APW-type) 
calculation we must integrate the Schrodinger 
equation outwards with the core potential 
F(r) at the energy E of the pseudo-wave- 
function, so that the resulting function has 
the same amplitude at the radius of the core 
Rf as the pseudo-wave-function. The slopes 
will automatically match at /?<., if the correct 
energy E on an absolute scale is used in the 
integration outwards, because the real wave- 
function is the same as the pseudo-wave- 
function at Ry, If the radius R^ is fairly small 
the potential due to all other atoms does not 
vary much over the core, and so inside Rc 
the potential is the same as the free atom 
potential F„(r) apart from a constant term: 

V(r) = K,(r) + V„, r<R,. (7) 

As we are interested essentially in a Hartree 
calculation it is the free atom potential which 
enters (7) and not the potential of the atom 
minus the valency electrons -the conduction 
electron density inside the core will be very 
close to the valence electron density in the 
free atom. Outside the ion core where nearly 
all the changes in conduction electron den- 
sity occur, the dielectric screening function 
which enters the pseudopotential matrix 
elements ensures that our calculation is of a 
Hartree SCF type. 

In this exact matching calculation we can 
write down immediately that: 

( 8 ) 

where ipi,., (r) is the .r-wave solution obtained 
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by integrating the Schrbdinger equation 
inside the core with energy £, and a^iRr) is 
the i'-wave part R, : 





sin (Ik + gific) 

|k + g|^r 


(9) 


Equation (8) is exact for any pseudopotential 
but we can see that it has a rather different 
form from (b). We can however simplify (8) 
because we are going to determine it by per- 
turbation theory only to first order. To first 
order in the pseudopotential flk) is given 
by the free-electron energy E„ + hVI2m so 
our final expression for (8) is: 


= F(k) 


f |k + g|f?,. 


( 10 ) 


where FOt) = i/(,;,,(())/(l)/, , evaluated at 
ihc free-eU'ciron eneruy- The structure- 
dependence now enters (10) only through the 
lourier coefficients and this is the 
expression we shall subsequently use in 
Section 4. 

A problem arises in calculating F{k) 
because of the unknown constants T,, in (7) 
and the energy £„ of the bottom of the conduc- 
tion hand. Fortunately we can eliminate these 
constants by determining the energy of the 
bottom of the band relative to the free atom 
by a Wigner-Scilr. procedure. Let us write the 
Schrddinger equation to be integrated out- 
wards from r = 0 as: 


i-7F/2mrHL„(r)}.|/,,,(r)- 

E«~Vn)\\i,,[r), r < Kr- (ID 

This equation is the free atom Schrddinger 
equation with energy (h^k'^l2m + E„-V„), 
which at the bottom of the band becomes 
simply (Fn-T,,). But we know that at the 
bottom of the band the pseudo-wave-function 
is more or less constant outside the core, so 
(Eo~V„) is that energy at which (pi Jr) has 
zero radial derivative at /?,.. With this result 


we have calculated F(k) for Sn using the 
Herman-Skillman atomic potential for Vf,(r) 
and a core radius R^ of 2- 13 a.u. (cf. the 
Animalu and Heine [4] core radius of 2a.u.), 
and this is shown in Fig. 2. We see that it is a 



slowly varying function of k over the range 
0 to ki which further vindicates our approxi- 
mation of evaulating it at the free-electron 
energy. 

We can now compare directly the ortho- 
gonalizalion and matching procedures for a 
one or two plane wave pseudo-wave-function. 
Although we shall use ( 10) in our full perturba- 
tion treatment in § 4 where many Fourier 
components F(g) of the potential are mixed 
in. we expect that a good approximation for 
<K(0) is: 


== 2 flk,, h(|k + g|) (12) 

K 

where 

h{k) = F{k) ■ 

This will be a fair approximation because the 
only coefficients which are large, are 
those for which 


|k + g| - k. 
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and also because F{k) varies slowly. We now 
have an expression ( 1 2) which has jusl the 
same form as (6) with the function b(k) rc- 
placing/(/c). Figure 3 shows b{k) and we can 
see that it has a very similar form lof{k), but 
about 20 per cent larger. This result shows 
that the orthogonalization procedure must 
work fairly well for determining from 
any pseudopotential, confirming our asser- 
tions of Section 1. 


The standard pseudopotential result for the 
normalization of the pseudo-wave-function is 
that 

(15) 

where N is the number of atoms, ft is the 
volume per atom and is the volume of the 
orthogonality hole. The exact size of ft,,* is not 
important being much smaller than ft but we 


4. PERTURBATION THEORY AND pv(0) 
Having obtained expressions (6) and (10) 
for i|ik(0) in terms of the Fourier coefficients 
«i,+g we shall now calculate the total conduc- 
tion electron density at the origin, using first 
order perturbation theory [7] to evaluate ak+, . 
That is, 


£(k)-£(k + g) 


(13) 


To first order in the pseudopotential we ob- 
tain from (10): 

l,lf,(0)l'^ = b(k)^la,l^ + F(ky 

y' [ sin (kFr) sin (|k + g|/?,.) 

f (kF,)(lk + glK) 



((ik«£,, +c.c.)|- (14) 

We note that the pseudopotential matrix ele- 
ments K(g) which enter (13) and (14) must be 
evaluated from an origin at the Sn nucleus 
under consideration. 

The normalization condition on l«kP is 
rather tricky because we want the real wave- 
function and not the pseudo-wave-function to 
be normalized to unity over the crystal vol- 
ume, and we only know the real wave-function 
in terms of a matching calculation or the 
orthogonalization procedure. We know that 
the real one-electron density |i//k(r)p looks 
like the pseudo-density |(fik(r)|'“[7] apart from 
an ‘orthogonalization hole’ on each atom, and 
this affects the normalization. 


Fig. 3. fe(A)forSn; matching prcKcdure. 

have used a value of 28a.u., which we have 
derived in the following way. If ft^ is the vol- 
ume of the atomic core outside which the 
actual wave-function is the same as the 
pseudo-wave-function, the total one-electron 
charge outside the cores is: 

charge (outside) = A^(ft-ftr)|flk|^ ( 16 ) 

Now inside the cores the wave-function looks 
like the combination of atomic s-, p— ... . 
wave-functions which matches on to (5* at 
and we have found by inte^ating the charge 
density inside a core-radius of 2-28 a.u. that: 

charge (inside) = A/ x 22 |akp. ( >7) 



1440 


J. E. INGI ESFIELD 


So the total charge = N(fl-flr + 22)|</iP 
= ^(( 1 - 28 ) 10 ^-, 


which must equal unity by normalization. 

We can now sum (14) over all the states 
inside the Fermi sphere to obtain an expres- 
sion for the conduction electron density at the 
nucleus: 


P,.(0) 


where 


7. 

fi-n* 


I 


(18) 


J ( .A') = (3/7rl,/') 


/ 

k- ki. 


d'k 


/•(A)^sin(A><,)sin(|k-fg|/?,) 
(A^-|k + ep)(/(i^,)(ik+s|/;,.)‘ 


In this expression Z is the number of conduc- 
tion electrons per atom, P is the average of 
h(k)- through the Fermi sphere, and (he sum 
IS over all non-zero reciprocal lattice vectors g. 
We see that the real part of the matrix ele- 
ment of the total pscudopotential m the crystal 
is multiplied by a function ./(A,,),'), which we 
have determined for Sn (Fig. 4). J is very 
dependent on the Fermi wavevector A>, and 
becomes very small for g beyond 2Ap. Fhe 
eorresponding expression for the pseudo- 
electron density at the nucleus is: 


Pi,.(0) 


where 


/ 


11 'li,,, 


(19) 


glAf.g) •== (3/7rAp 


,■) / 


d''k 


(A--|k-Fg|-) 


k<kf 


J is not proportional tox, which is the standard 
perturbation function [8], so there is no direct 
relation between the full first order electron 
density and the pseudo-electron density. 

The first term in (18) can immediately be 
identified as the free-electron contribution to 
p,,(0), the second term containing all the 



I ig 4 for Sn, A: kf =0’767a.u., H. k^ = O m 

a u., C- kf - 0-867 a.u. 


effects of the crystal potential F(g). Although 
the states on either side of the Brillouin zone 
boundary are the most strongly affected by 
F(g) they cancel each other out in the integral 
for J and effectively only contribute the 
free-electron term to p,,(0). The largest con- 
tribution to J comes from states away from 
the Brillouin zone boundary, which is just 
the same situation as the contribution by 
F(g) to the total energy of the Fermi sphere [5]. 
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EFFECTS OF CRYSTAL STRUCTURE 
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Abstract-The different electron densities at the "’Sn nucleus in u-Sn. /3-Sn and SnMgj which give 
rise to isomer shifts are studied in terms of a pseudopotential expression. The effects of volume changes 
are examined, and in SnMgj the observed increase in electron density at the nucleus under pressure 
may be connected with an observed increase in electrical conductivity. 


1. INTRODUCTION 

In a PREVIOUS paper[l] we showed that the 
contribution of the conduction electrons to the 
total electron density at the nucleus of a tin 
atom, which determines the isomer shift of 
Mdssbauer y-rays emitted by "®Sn, can be 
expressed as a simple formula using the pseu- 
dopotential method to describe the effects of 
crystal structure on the conduction electron 
wave-functions. The first term in our formula 
is a free-electron contribution and the second 
term, a sum over reciprocal lattice vectors, 
depends on crystal structure. In this present 
paper we shall use the results of[l] to study 
the change in isomer shift of ‘“'Sn under 
pressure, and as we go from crystal structure 
to crystal structure. 

In Sections 2 and 3 of this paper we shall 
determine the isomer shifts of /3-Sn and SnMgj 
relative to a-Sn, and the agreement with ex- 
periment is qualitatively correct [2]. As we go 
from structure to structure the change in the 
average free-electron density and the differ- 
ent band-structure both cause the electron 
density at the nucleus to change, but as we 
shall see in Sections 2 and 3 the observed 
isomer shifts arise because the change in 
average electron density predominates. 

Mbller and Mdssbauer[2] found from iso- 
mer shift measurements that when /3-Sn is 
compressed the electron density at the nucleus 
decreases, and we shall show in Section 4 that 
this effect can partly be explained by the 


results of(l]. As )3-Sn is compressed the free- 
electron density increases but the band-struc- 
ture term decreases, though not enough to 
explain the results of[2]. This suggests that 
changes in the core states under compression 
may play some role in explaining the decrease 
in electron density at the nucleus. 

The change under pressure of the isomer 
shift in SnMg 2 is particularly interesting be- 
cause there is a sudden increase in electron 
density at the nucleus at 20-30 kbar. This in 
fact coincides with a breakdown in the semi- 
conducting properties of SnMgs. and Moller 
first suggested that the two are related. We 
show in Section 5 how the effects of a semi- 
conductor band-gap on the electron density 
can be calculated and our results for SnMgj 
demonstrate that Mbller’s explanation is 
correct: the states directly underneath the 
band-gap are p-like with respect to the "*Sn 
nuclei, so when the semiconducting properties 
break down the electron density at the nucleus 
increases. 

2. THE ISOMER SHIFT IN DIFFERENT 
STRUCTURES 

The isomer shift 6 in the frequency of the 
-y-rays emitted by "“Sn in two different envir- 
onments 1 and 2 is related to the changes in 
electron density at the nucleus pfO) by the 
following expression [1, 2]: 


6 = /((p{0),-p(0)2) 


(I) 
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where it is known from experiment that the 
constant of proportionality /t, a properly of 
the Mossbauer nucleus alone, is positive. In 
our work we assume that only the conduction 
(or valency) electron density p,.(0) alters, i.e: 

S = /I (p,,,(0),~p, ,(()),), (2) 

and we calculate from the expre.ssion 
derived in(l]: 

(. 3 ) 

Z is the valency, 11 is the volume per atom and 
( 1 , 1 , is the effective volume of the atomic 
core which is more or less excluded for the 
conduction electrons. P is the average 'pene- 
tration’ of the conduction electrons and is a 
property solely of the Mossbauer atom. All 
the dependence of p,,(()) on the crystal poten- 
tial enters in the second term which is a sum 
over the reciprocal lattice vectors g (except 
g - 0). the corresponding pseudopotential 
matrix elements being Kig). We have calcula- 
ted the function J(/c,..g) for Sn. and it is 
strongly dependent on the Fermi wave-vector 
A.Hl. 

The interesting point about 0) is that the 
factor Z/ll - U,„, is simply the mean conduc- 
tion electron density in the crystal, taking into 
account the excluded volume ll„*. The pro- 
duct Zb-lil-il,,/, is just the free-electron 
contribution top, ,(()). 

The experimental results which we now 
wish to interpret are the values of 8, relative 
to o-Sn at Okbar, .shown in Table 1. Another 
result which we shall later consider, derived 
by Fees and Flinnf3], is that the isomer .shift 
in an ideal Sn“^ ion relative to SnMgj is 2-86 
mm/sec. In this context the ‘ideal’ Sn*^ ion 
is one with no 5p electrons and in which the 
.v-electrons are in free .Tr orbitals with no 
CO valency effects, and this value of 5 has been 
obtained by extrapolation from the isomer 
shift in various stannous salts. 


Table \ . Isomer shifts relative to a-Sn at 
zero pressure 


Compound 

Atomic volume 

Isomer shift 


IH.U.) 

( mm/sec) 

pSn 

181-5 

-to 55 

(t-Sn 

232-1 

(1 

SnMgz 

175 

-0-15 


We can now explain the results of Table 1 
simply in terms of changes in mean electron 
density. Let us ignore the first-order band- 
.structure contribution to ^,,(0) and write to 
zeroth order: 


P..(0) 


Zh^ 


(4) 


The mean volumes per atom H are given in 
Table 1 and we have estimated to be 28 
a.u.,*' and so from (4): 


P.-(0)fl,s„= F3.3p,,(0)„.s„. 


In SnMga. 


and so; 


Z=2^ 


P,(0)KnM«z = 0-93p,.(())o.s„. 

These results agree qualitatively with the 
observed isomer shifts but as we shall see in 
Section 3 putting in the band-structure tends 
to make the ratios of p,.i0) nearer unity. 
From these zeroth order results the isomer 
shifts relative to a-Sn are in the ratio: 

g«.sn_ »'33_ 

SsnM«z 0-07 

which compares quite favourably with the 
experimental result of- 3-7. 

3. BAND-STRUCTURE AND THE ISOMER SHIFT 
To determine p,,(0) and hence the constant 
T in ( 1 ) we must determine the band-structure 


*Wc use ulomic units throughout in which e = ft = 
m= I. 
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contribution, the sum over the reciprocal 
lattice vectors in (3). This contribution is 
fairly large in a-Sn and SnMgj. We can see 
from the variation of J with kf (Fig. 4 of 
Ref.[l]) that if F(g) for low g is predominantly 
negative, as in these structures, the band- 
structure contribution increases with decreas- 
ing and this tends to cancel out the volume 
changes of the zeroth order term. 

As usual [5] V{g) can be factorised into a 
product of a structure factor 5(g) and an atomic 
pseudopotential matrix element, and fora-Sn 
and )3-Sn we obtain: 

F'(g) = 0) 

where 5(g) = ( l//V)2, exp (I'g . Tj). 

A is the total number of atoms and Usn 
the pseudopotential of the Sn atom, for which 
we use Animalu and Heine’s [6] tabulated 
form-factor. 5(g) is a sum over atomic sites 
fj measured from an Sn atom at the origin. In 
SnMgj we have similarly: 

T(g) = (t)MA*-)-U.sn5sn) • <6) 

The effect of the band-structure term is to 
increase p,,(0) in all three cases (Table 2). 
Figure 1 shows egn and the positions of the 
contributing reciprocal lattice vectors g in 
a- and /3-Sn. For all these vectors the real 
part of 5(g) is positive and so for the smaller 
values of g ;^{F(g)} is strongly negative. But 
from the form of J the smaller g’s make the 
largest contribution to p,.(0), and so the 
band-structure terms increase the electron 
density at the nucleus. We see from Table 2 


Table!. Electron densities at the "’’Sn 
nucleus 


Material 

l-ree-eleciron contribution p,.(0) 

(electrons per a u of volume) 

^-Sn 

195 

21- 1 

a-Sn 

14-6 

21 -3 

SnMg; 

1.14 

211 



Eig. I. Dig) for Sn.ft - 182 a u , with positions of recipro- 
cal lattice vectors in o Sn and /J- Sn 


that the effect of the band-structure terms is 
to increase p,.(0) for «-Sn and SnMgi, much 
more than for )3-Sn, but because the zeroth 
order term predominates the qualitative results 
of Section 2 still hold. 

Because of the unknown constant A in ( 1 ) 
we cannot make a direct comparison between 
our calculated p,.(0)’s and the 6’s shown in 
Table 1 but following Moller we can conven- 
iently express our results in terms of the iso- 
mer shift in Sn^^ relative to SnMgj. To a good 
approximation p,,(0) for ‘ideal' Sn^’’^ is just the 
same as the density at the origin of the 
electrons in a free Sn atom, and from Herman- 
Skillman|4] we obtain: 

P,.(0) vi„ 2 * = 35'2 electrons/a.u. volume. (7) 

Then from (7), Table 2 and the result of l ees 
and Flinn it follows that a value of 

(Pi(0)i-p,.(0)2) = 14-1 electrons/a.u. volume 
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corresponds to an isomer shift of 2-86 mm/ 
sec. Hence, 

^ = ^=()' 203 . ( 8 ) 

141 


by the conduction electrons increases, via the 
dielectric constant e(^)[5], but this reduces 
p,iO) by a negligible amount compared with 
the other effects, 

Differentiating (3) we obtain; 


With this value of/t we can compare Tables 
1 and 2 obtaining the following theoretical 
values for the isomer shifts of ji-Sn and SnMg.^ 
relative to (»-Sn at 0 kbar: 

sn == +0-37 mm/sec 
= -0-04 mm/sec 

The value for the shift of /3-Sn is in good agree- 
ment with the observed shift, -l-()-56 mm/sec. 
The shift for .SnMgo is too small but when we 
take into account the effects of the semi- 
conductor hand-gap in this substance (Section 
.3) again excellent agreement is obtained. 

4. CIIAN(:E,S in the isomer SHin of li-Sn 
UNDER PRESSURE 

When /3-Sn is compressed by 100 kbar so 
that the volume is reduced to 0-87 of the vol- 
ume at /"ero pressure it is found that the isomer 
shift is reduced by O-I.s mm/sec. This means 
that a reduction in atomic volume is causing 
the electron density at the nucleus to decrease. 
We saw in Section 2 that we could understand 
the changes in 8 with structure largely in 
terms of the mean electron density, but clearly 
this change under pressure cannot be under- 
stood simply in these terms. As the volume is 
reduced the mean electron density increases 
but the contribution from the band-structure 
term decreases markedly, but not by quite 
enough to explain the observed result. 

There are two reasons for the decrease in 
the band-structure contribution as the volume 
is reduced. As decreases ky increases and 
|J| decreases. We saw in Section 3 that this 
causes a decrease in p„(0). Also as 12 de- 
creases the reciprocal lattice vectors move 
outwards and from Fig. 1 the potential K(g) 
for the smallest and most important g's be- 
comes less attractive, again causing a decrease 
in p,(0). As kf increases the screening of T(g) 


dp,.(0) 

dn 


Pi(0) ^ 


n-n„ 


mv(g)} 


where 


X — 

dn 


dT1 


df 2 12 312 !)g 


(9) 


because V is the matrix element taken between 
plane waves normalized to unity over the 
crystal volume. In differentiating p,.(0) we 
ignore the weak dependence of h'^ on k,-. We 
can see that the first term in (9) corresponds to 
the increase in mean electron density as the 
volume decreases, and the second term is pro- 
duced by the band-structure effects. We 
expect (hat the second term will be particu- 
larly large in /3-Sn because the smallest values 
of g coincide with the steep part of the pseudo- 
potential, i.e. large and positive. 

The calculated value of dp/dl2 for /3-Sn is 


dp|.(0) 

dll 


= -0-l.Sl-l-0107 


= - 0-044 electrons/ta.u. volume)^ 


This is not in agreement with the experimental 
result which is that dp/dl2 is positive, but we 
can .see that the change in band-structure 
contribution does to a large extent cancel out 
the effect of change in the mean density. The 
discrepancy with experiment means that either 
higher order terms in p,,(0) must be considered, 
or that there are changes in the core states. 
Nevertheless we have shown that a large 
part of the effect of pressure on the isomer 
shift of )0-Sn can be understood in our terms. 

5. SEMICONDUCTOR EFFECTS IN SnMgj 
When SnMga is compressed a rapid para- 
bolic change in the isomer shift sets in at 20- 
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30 kbar corresponding to an increase in elec- 
tron density at the nucleus, the change in 8 at 
a pressure of 30 kbar being -F 0- 1 mm/sec. The 
volume changes only by about 6 per cent and 
so the mechanism for the increase in charge 
density seems unlikely to be the changes in 
p,,(0) discussed in Section 4 which would 
certainly be linear over this change of volume. 
However over just this range 20-30 kbar 
the electrical resistance of SnMg 2 , a semicon- 
ductor at zero pressure, suddenly falls and the 
two phenomena seem likely to be connected 
[2]. The fact that at the lower pressures SnMgj 
is a semiconductor means that expression (3) 
for p|.(0) is not complete and there is an extra 
contribution to the charge density at the 
nucleus, The dramatic change in 8 then arises 
from the disappearance of semiconducting 
properties and the corresponding extra term. 

The derivation of p,.0^) in (I) ignored com- 
pletely the distortions of the Fermi sphere of 
electrons by the Brillouin zone, and we know 
[5] that this is a valid approximation in metals. 
It implies however that the states which we 
might expect to contribute most to p^tO), 
namely those on cither side of the Brillouin 
zone boundaries where the perturbation due to 
hg) is strongest, contribute in total only a 
free-electron term, and all the hand-structure 
contribution to pj.iO) comes from states away 
from the boundaries. Suppose we have a metal 
with a Brillouin zone boundary for which 
Vtg) is real and positive. Then the pseudo- 
wave-functions for the states directly under- 
neath the zone boundary look like Vl sintAz) 
and each state contributes nothing to p,,(0). 
On the other hand the states above the boun- 
dary look like V2 cos ikr) and these contribute 
2b{kf {[{],( 1 2)), b{k) being the ‘penetration’ of a 
wave exp (ik . r). So the total contribution of a 
pair of states on either side of the boundary is 
Ibikf which is just the same as their free- 
electron contribution without the band gap. 
The band-structure part of p,,(0) contains no 
contribution from the states on either side of 
the zone boundaries. This ‘metallic’ situation 
is correctly treated in the evaluation of the 


function Jikr,g} which is a principal-value 
integral ([!],( 1 8)). 

However in a semiconductor there is a 
band-gap at the Jones’ zone boundary [7] which 
completely surrounds the Fermi region of 
electrons and so there is no cancellation of 
the hand-structure contribution to p|.(0) 
from the slates directly under the zone bound- 
ary. It is this band-structure contribution which 
is the extra effect we have ignored in semicon- 
ducting SnMgtj, but we can determine its 
approximate size by a Penn [8] model of a 
semiconductor in which there is an isotropic 
spherically symmetric band-gap at the Fermi 
surface (Fig. 2). 



rig. 2. holropic band-gap model of semiconducting 
SnMgj. The shaded stales give no conlribulion lop, 10). 

In SnMg 2 ,, which has the fluorite structure, 
the Jones’ zone is made up from {220} planes 
and the corresponding band gap 2| F(220)| is 
0-018 a.u. from Animalu and Heine’s form 
factorslb]. Because F(220) is real and posi- 
tive the pseudo-wave-functions directly 
underneath the zone are sine-like with 
respect to an Sn atom at the origin. To 
determine p,,(0) it is reasonable to assume that 
for all states away from the zone boundary 
expression (3) is valid usings determined from 
([ 1 ], ( 1 8)). On the other hand the effect of the 
states directly underneath the zone boundary 
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is given correctly in terms of Fig, 2. To a 
good approximation the number of these sine- 
like states is [9]: 

n= lf'(220)| X Density of states at A> 
.VA'|F(220)| 


where E,. is the fermi energy. These n states 
in fact contribute nothing to p,,(0) whereas in 
(3) they have been effectively treated as giving 
the free electron contribution to p,,(0) of 
([I|,(I2),(I5)). So in .semi- 
conducting SnMgj: 

p,,(0)-p,,|0).^^ + Ap (II) 

where /j, (0) is given by i3) and: 


sufficiently for electrons to overflow out of the 
Jones’ zone and the extra, semiconductor, 
contribution Ap to vanish. This would imply 
an increase in the isomer shift of 

-h 0'48 X 0-203 = -f- 0-0% mm/sec. 

and this is exactly the change observed in 
going to 3()kbar. Combining (13) with the 
calculation of Pi.(0) Maaiiic- front Table 2 we 
obtain the isomer shift of SnMg^ relative to 
o-Sn at 0 kbar to be 

hsnMK 2 = -0-14 mm/sec.. 

in agreement with Table I. 

.■t( - 1 .should like (o thank Dr. V, Heine 

lor his help iind eneouragenicnl. The work has been sup- 
ported by ii griinl from AERF. (Harwell). 


Ap - 


3/^F_(220)| 


■ If - /•-/ 


( 12 ) 


Ap turns out to be 

- ()-4H electrons/a.u. volume. (13) 


Our interpretation of the change in 8 
(following [2 1) is that as the pressure is in- 
creased p,.(()) M,i,iii,c remains essentially unal- 
tered, but the hiind-slructure changes just 
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THE SYSTEM Nb,Sn,_,Sb^ AND THE DENSITY OF 
STATES MODEL FOR NbgSn* 

L. J. VIELAND 

RCA Laboratories. Princeton. N J. 08540, U.S.A. 

(Received id September \9(t9;in revised form I December 1969) 

Abstract -The temperature of the cubic-tetragonal transformation in Nb;,Sn, and the magnitude of 
the tetragonal distortion, are found by X-ray measurements to be independent of Sb doping over 
the range studied. 0 < ;t < 0T5. However, the addition of a small amount of Sb results in a clu ratio 
greater than unity, while for pure Nb,Sn, a > <. These results are discussed in terms of the density 
of slates model of the lattice transformation in^-tung.sten superconductors. 


1. INTRODUCTION 

Labbe and Friedel have shown [1] that much 
of the anomalous behavior of the high T,, 
/3-tungsten superconductors can be under- 
stood in terms of a band model comprising 
two main feature.s: a strongly energy de- 
pendent density of states within a few 
hundred degrees of the Fermi level at 0“K. 
and a threefold degeneracy of the relevant 
d-band which is removed by a low tempera- 
ture distortion from cubic to tetragonal 
symmetry. Cohen el al.ll] proposed a 
particularly simple density of stales re- 
presentation (square band) which leads to 
striking agreement between theory and 
experiment for most of the properties of these 
unusual metals[2, 3], However, the model 
is phenomenological, and although some ex- 
perimental observations remain unexplained 
[3], its limitations are not clearly defined. The 
necessary fine structure in the density of 
states is not derivable from band structure 
calculations, which are made on a relatively 
coarse energy scale. Similarly, direct observa- 
tion of this structure by a technique such as 
soft X-ray emission appears to be out of the 
question. One simple line of attack which 


'The research reported in this paper was jointly 
sponsored by NASA, George C. Marshall Space Flight 
Center. Alabama, under Contract No NAS-8-2l.t84 
and RCA Laboratories, Princeton, New Jersey. 


remains open is the classic method of effect- 
ing small changes in electron concentration 
by means of doping, and correlating these 
changes with suitable physical properties. 
The major premise of the method is the valid- 
ity of the rigid band approximation. 

-A convenient system to look at is the Nbj- 
Sn-NbjSb pseudo-binary, about which some 
useful information is already at hand [4-6], 
The replacement of Sn by neighboring Sb in 
the periodic table should introduce minimum 
perturbations other than the desired change 
in electron concentration, 

2. THEORY 

The parameters of the square band density 
of states model (ignoring the small overlapping 
,v-band contribution) are No. and T,,, where 
N„ is the d-band density of states in the cubic 
state, Uj is the deformation potential relating 
the shift in the band edge with uniaxial 
strain along the ( 1 00) direction, and T,,. which 
is the distance from the Fermi level at 0°K 
to the near band edge, is the quantity adjust- 
able by alloying. The number of electrons 
(holes) in the nearly empty (full) band for 
NbiSn,-j.Sbj. alloys is 

NM„±xAvI4 

where Ay, the difference in valence between 
Sb and Sn. is probably, but not necessarily 
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[7], + 1 . Since is about 0-04 states/atom 
for Nb;|Sn[31. and since the d-band carriers 
are thought to be holes, the model suggests 
a maximum solubility of x ~ 0- 16. 

Tn is a characteristic temperature which 
enters exponentially into the temperature 
dependence of many physical properties 
of Nb^Sn. A particularly u.seful one for our 
purpo.se is the martensitic (cubic -» tetragonal) 
transformation temperature T,„. According 
to the model, 7„, is [nearly] the temperature 
at which the negative contributions of the 
cZ-band carriers to the free energy difference 
between the cubic and tetragonal states just 
balances the contribution from all other 
sources to the binding energy. This is given 
hy[21. 

^ A,, -A,.,. 

where A,,- An ij* Ibe lattice contribution 
to the elastic constant for the shear strain 
carrying the lattice from cubic to tetragonal. 

SinceforNh;,Sn r,,/'/ ,,, - I •6(.31. we have 


so that changes in accompanying small 
additions of .Sb should be readily delected. 

.1, EXPKRIMENTAI. 

Samples were prepared by cold pressing- 
mesh powders at 30 t.s.i. into [in. thick 
by [ in. dia. pellets, and sintering in a nearly 
static helium atmosphere for 16 hr. A series 
having x- 0. 0 ()5, 010. 015 was made at 
I250°C. and one sample with .r = 0-20 was 
prepared at I l(K)"C. The latter showed some 
unreacted Nb and .Sn (Sb) by anodization 
and microscopic examination [8] in addition 
to the usual (~ 2 per cent) NbO and other 
unidentified phases, while X-ray powder 
patterns showed only ft-W phases. Lattice 
constants were determined with CuKo radia- 
tion on a 36/Trcm camera by the extra- 
polation method of Cohen, with a precision 


of ±0 0002 A. The low temperature X-ray 
work was carried out in a liquid helium 
cryostat fitted with Be windows, using ordin- 
ary diffractometer and detector techniques. 
Powdered samples were sprinkled on to a 
lightly greased flat copper stage suspended 
from the He bath by a stainless steel tube. 
Temperatures were measured with a Au-2 - \% 
Co vs. Cu thermocouple with the cold 
junction attached to the He bath, allowing the 
temperature to be read to ±0T°K with a 
portable potentiometer. A Pt resistance 
thermometer was used to calibrate the thermo- 
couple. Superconducting transition tempera- 
tures were determined inductively. 

4. RESULTS 

Both T,. and «o found to decrease linear- 
ly with Sb concentration, the data being in 
good agreement with that of earlier work. 
In Fig. I, the circles represent transition 
midpoints, the bars transition extremities. 
The sample designated by the triangle 
(.r = 0-2) showed two (i-W phases, with 

= 5-211 for the minor phase, estimated to 
be 10-20 per cent of the sample volume from 
X-ray intensities. A second phase was also 
seen in the T, measurement, with a broad 
transition between 7 5 and 10°K accounting 
for 20 per cent of the total inductance change. 
Extraprslating the lattice constant data gives 
.v = 0-56 for the minor phase. A materials 
balance then gives 18 per cent for the pro- 
portion of this phase. The high T,. phase 
showed a transition much like that of the 
other doped samples but with a small tail 
(5 per cent) extending up to 17'4°K.. Anneal- 
ing for 66 hr at 980°C resulted in no change 
in either or the diffraction pattern for this 
specimen. A miscibility gap extending from 
0-3 < jr < 0-7 at 1200° has been reported[5], 
so that this unusual behavior appears to be 
strongly temperature dependent. 

Transformation temperatures are shown at 
the lop of Fig. 1. The squares represent the 
temperature at which an observable shift in 
position of the intensity maximum was noted. 
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Fig. I. I, and T,„ for Nh.Sni rSbj.. Compositions of samples of 
vaiious lattice constants are shown at the lop. The sample de- 
signated by A had a second )i-W phase, not shown, richer in Sb 
(see text). 


while the rectangles indicate the temperature 
at which the transformation is evident in an 
unambiguous way (appreciable line splitting). 
Within the framework of the theory discussed 
above, T„, is found to be invariant. 

The course of the transformation is shown 
in Fig. 2 for the two samples of extremal 
lattice constant. .y = 0 and x = 0-15. The 
{400} peak proved to be the simplest to study, 
by virtue of its reasonable intensity, absence 
of degeneracy in + F). and sufficient 

resolution of the tetragonal splitting. As seen 
in the figure, there is a decrease in resolution 
of the K„, - K„j lines above T^. and a reduc- 
tion of intensity of the main (K„,) peak. 
Presumably this is due to an increase in 
thermal diffuse scattering and/or fluctuations 
accompanying the vanishing of the elastic 
constant Cu-Ci 2 at T^- For both samples, 
the onset of the transformation is marked by 
a shift of the peak maximum to higher angle. 


I he d 
by 


spacing in the tetragonal state is given 


d dcubic 


,2/ /F + k'^ + r- ]• 


where e-^(a/c- 1). For the {400} set we 
have dt = dft 1 + e/2) and d, = dr{\-€). where 
the subscripts 1. 2 indicate the relative in- 
tensities. For positive € the shift near T„ 
.should be to lower angle. At low tempera- 
tures, where e > 2 X 10"^ four peaks should 
be observed (two for each wavelength radia- 
tion). with the main peak double the intensity 
of any other peak and the splitting SIfidi) = 
i6fl(d|). For jr = 0 we find e = 4- (3-5 ±0-5) x 
10“^, although the intensity distribution, 
which was found to be weakly dependent on 
sample mounting, is not’ strictly consistent 
with a simple tetragonal splitting. Other 
workers have reported tetragonalities be- 
tween 2-4 X 10"’ and 41 X 10“’[9]. The shift 
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OS* 

ze 


(H;. 2 |4(l(l} X-ray lnlenMtle^ as a timction of tcmperalore for the 
two extremal compositions. I'hc vertical lines mark the position 
of the K,„ peak maxmium in the cubic state, 


lo higher angic.s near could be the re.sult 
of a decrease in voltime of the unit cell, but 
analysis of the shift in centroid for several 
peaks reveals no consistent pattern. The 
transformation is volumeless, within experi- 
mental error. 

Poi the x-O l.'i sample we find the re- 
markable result that the splitting is of the same 
magnitude, but of opposite .sign, with « = - 
(3-2±()'.'') X 10 ^ In this case the peak in- 
ensilies are entirely consistent with the 
splitting. 

Figure .3 shows the {40()| and {44()j diffrac- 
tion patterns for the single phase samples 
at 2()°K. The {44tl| peaks arise from planes 
having d~i = d,. ( I - e/4) and d^ = dd I +e/2). 
the increased dispersion at higher angle 
leading lo a dO virtually the same as for the 
(400} refleclions. The x = 0-05 sample 
appears to have both e^ and e components, 
while for a: = 0-10, although the intensities 
are not well behaved, the splitting appears 
lo be similar to the x = 01.5 sample. Again 
for the latter, the {440} reflection allows us 
to assert that for this .sample there is es.sen- 



400 ^ 440 

SB 


Fig. 3. (4(l(!| and (440) leflectuins al 2t)"K. Vertical 
lines mark the position of the K,„ peak maximum in the 
cubic stale. 

tially no material remaining which is either 
cubic, or transformed but of opposite sign. 

5, DISCUSSION 

It is clear that the relationship between 
To and ar predicted on the basis of the rigid 
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band model is not borne out by the data. The 
invariance of suggests that in order to 
approach the data from the point of view of 
the density of states model, the band para- 
meters should be taken as unaffected by the 
addition of Sb. The question of why the band 
filling (r„) is not variable can be set aside, 
and the interesting implications of the change 
of sign of the tetragonality examined in terms 
of a fixed band. 

The sign and magnitude of the spontaneous 
strain below are given by the usual condi- 
tion of minimum free energy. Near T^, it is 
useful to write the free energy difference 
between the cubic and tetragonal states as a 
power series in the strain (cf. Ref.[l]); 6F = 
Ae^ + Bt^ + C€^ + - ■ ■ , where each coefficient 
is the sum of both the electronic terms, cal- 
culable exactly in terms of the parameters 
of the model, and lattice terms representing 
all other contributions. Setting 8F = 0 at 
T,„. and requiring that 58F/(?e|T = 0. the 
spontaneous strain is seen to be €{T,„) ^ 
-BI2C', that is, € depends solely on the 
higher order elastic constants. Now, one of 
the outstanding successes of the square band 
representation for NbjSn is the correct pre- 
diction of the strain near T,„, based on the 
electronic terms alone, and using parameters 
determined from cubic state data. We may, 
therefore, ignore the lattice contributions, and 
assert that in the absence of a changing elec- 
tronic contribution, the model does not readily 
admit a change in the sign of e. The pre- 
sumably small perturbation found necessary 
to alter the sense of the tran.sformation implies 
the smallness of terms of odd order in € in 
a proper free energy expansion near r„,[10). 
This supports the conclusion drawn from 
specific heat measurements that the trans- 
formation is second order, or near second 
order (B(T,„) = 0). and that the expansion 
must contain terms other than those given 
by the band model if it is to properly account 
for the details of the behavior near Tm 1 1 1 ]. 

The strain at low temperatures is equally 
problematic. A general result of the band 


theory of the transformation is that the pre- 
dicted strain at 0°K is a factor of two smaller 
when c > a, regardless of the form assumed 
for the density of states as a function of energy 
Instead, we find the magnitude of the strain 
to be independent of sign. 

Finally, we have the interesting result that 
Tj. varies smoothly with x, which can be 
interpreted as indicating that the density of 
states is little affected by the change in sign of 
€*. This is borne out by magnetic suscepti- 
bility measurements, which show no differ- 
ence in the decrease in susceptibility which 
accompanies the transformation for pure 
NbiSn and for NbuSnonsSbiHjlI]. T,. is 
known, however, to be a strong function of 
uniaxial stress applied in the (100) direction 
[13j, this effect being several orders of magni- 
tude larger than for ordinary superconductors, 
and in semi-quantitative agreement with the 
band model. If the density of states inter- 
pretation of this result is correct, then it is 
necessary to suppose that the band structure 
in the tetragonal state depends on the magni- 
tude of the strain, but not the sign, suggesting 
that the band splitting below T„ is symmetric 
about the cubic band edge. 

6. CONCLUSIONS 

Significant modifications of the band model 
of the lattice transformation in fi-W super- 
conductors will have to be made in order to 
account for the data presented here. The 
question of the level at which the theory 
requires amendment is not resolved, but the 
difficulties encountered are certainly not 
dependent on the particular form chosen to 
represent the density of states. A possible 
modification of the theory clearly suggested 
by the data lies in the direction of postulating 
a band splitting independent of the sign of €. 


0°K the model gives for the ratio of the density 
of stales at the Fermi level for t' splitting (o > c. Fermi 
level in one sub-band), to that for e' splitting. N„*//Vir = 
where /V(£)aP. and n=-J. 0. i arc the ex- 
ponents for the labbe-Fricdel band, square band, and 
free electron band respectively 
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However, the failure of Sb doping to alter 
the band filling represents an unexpected 
rigidity in the model, and raises some doubts 
about its fundamental validity. Before credible 
alteration of the theory can be made, it would 
appear desirable to investigate other dopants 
and band structure sensitive properties in an 
attempt to find evidence for the model of the 
sort originally sought in this study. 

zlrknoHlct/ucfnt'nf.-'rhc gencious assistance of R. Paff 
m helping with the X-iay mcasiiremenls is gratefully 
acknowledged, as are the efforts of R. Miller, who made 
the measurements. The author is indebted to Drs 
R. W ( ohen and Ci. IT. t ody for helpful criticism of the 
manuscripi. 
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Abstract- The luminescence obtained by the radiative recombination of electrons and holes injected 
from metal colloids in KI single crystals under a.c. excitation has been studied as a function of the 
applied voltage and of the frequency ; voltage and brightness waves have been compared. 

The results are discussed on the basis of Fischer’s model. The experimental brightness voltage 
relation B = f F* is justified with a double emission mechanism. 


Up to a few years ago, electroluminescence 
phenomena have been mainly studied in 
semiconductors and low gap dielectrics [I], 
In spite of the great amount of work done, 
an ultimate comprehension of the subject 
is still lacking, and several models have 
been proposed to explain the experimental 
results so far obtained. Moreover, the 
case of insulators luminescence under 
a.c. excitation turns out to be of particularly 
difficult understanding. For this last case 
Fischer[2, 3|, studying ZnS, presented 
a critical review of the up to date situation, 
proposing two possible mechanisms: (a) 
double field emission, (b) inverted impact 
ionisation. 

Both these models are based on internal 
field emission, and require the existence 
of conducting lines embedded in the crystal. 
In the first case carriers of opposite sign are 
injected from the tips of the conducting lines 
facing the electrodes. At the field reversal 
electrons recombine radiatively with the 
trapped holes injected during the previous 
half-cycle. Carriers are field emitted according 
to the Fowler-Nordheim law. 

In the second case the electric field pulls 
electrons out of the traps surrounding the 
positive end of the conducting lines. Free 
electrons are then accelerated, creating car- 
rier pairs by impact ionisation. The holes 


are then trapped, and the excess electrons 
flow into the conducting line, being field 
emitted at the negative end. Here they re- 
combine with holes trapped during the pre- 
vious half-cycle. The number of carrier 
pairs increases as exp (- const/ VF), and the 
brightness-voltage relation applying to this 
case is that of Alfrey-Taylor: 

B = Bo exp (-«/VF). 

A great uncertainty generally exists about 
which of the two models has to be preferred, 
though the first one, due to the lower field 
required, appears to be in some cases more 
probable. In fact some experimental re- 
sults, as the brightness-voltage curve or the 
light output versus time, which ought to 
be closely connected with the excitation 
mechanism, can often be interpreted with 
both models. 

More recently, the direct conversion of 
electrical energy into light by the recombina- 
tion of opposite carriers has been studied in 
wide gap insulators too, like silver and alkali 
halides, with the main purpose of understand- 
ing the involved mechanisms. Meczynska 
and Oczkowski[4] verified Fischer’s and 
Maeda’s models in AgBr and AgCI; Unger 
and Teegarden[5] were the first to observe 
a persistent electroluminescent elfect in an 
alkali halide salt, injecting electrons from 
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silver or indium contacts. In a preliminary 
work [6], we observed an electroluminescence 
effect in Kl single crystals containing pota.s- 
sium colloids, and showed that light emission 
was due to the electron-hole recombination 
via centers. 

The purpose of this work is to improve the 
previous experimental results - particularly 
the unusual brightness-voltage relation -and 
to justify them in terms of carrier infernal 
field emission. 

EXPERIMENTAI, 

Kl single crystals, grown in Nj atmosphere 
by Kyropoulos method in our own laboratory, 
and then reduced to cubes of approximately 
1 cm side, were electrolytically colored by 
the standard method (coloring temperature 
ftOOT, applied field 400 V/cm). The samples 
were then cleaved in slices Q-.5-4 mm thick, 
and heated at ~100°C for some hours in 
order to obtain an intense colloidal band. 
This band was found to present its maximum 
at - 8.50 m/x, in good agreement with available 
data 1 7 1. We noticed that the presence of 
OH considerably favours the coagulation 
of /'centers. 

The specimens so prepared have been 
placed, to avoid electrical di.scharges, in 
a carefully evacuated container (-10 "mm 
Hg), between two copper electrodes, one of 
which was in direct thermal contact with 
the liquid nitrogen reservoir, in order to make 
all the measurements at ~78‘’K. To avoid 
the effect of thermal contractions during 
the experiment, the crystal slices were 
sandwiched between the electrodes with 
the aid of .soft stainless steel springs. 

The applied voltage was generally a sinu- 
soidal one with the frequency ranging from 
.50 to 200 Hz. The emitted light was observed 
perpendicularly to the electric field with 
a trialkali photomultiplier (EMI 9558 Q/i), 
and the photocurrent measured with a Keitley 
414 micromicroammeter, or displayed on 
a Tektronix 535 A oscilloscope. The electric 
field was provided by a Wavetek 1 16 function 


generator, and amplified by a power amplifier 
followed by a step up transformer. The 
brightness-voltage curves were ‘obtained 
plotting’ on a x— y recorder the integrated 
photocurrent vs. the r.m.s. applied voltage. 

Preliminary measurements have been 
performed on white (not colored) specimens, 
no light emission being obtained even by 
direct contact between the sample and the 
copper electrodes, up to fields of -60 kV/cm 
af 200 Hz. Such a re, suit supports the idea 
that no appreciable carrier injection is present 
at the contacts between the crystal and the 
electrodes. Moreover, the colloid rich speci- 
mens show light emission with an electric field 
greater than lOkV/cm even with mylar 
or teflon blocking contacts, confirming that 
in thi.s case electroluminescence arises from 
internal carrier generation. 

EXPERtMENTAL RESUI.TS 

The re.sults we present here deal mainly 
with the dependence of light emission on the 
electrical excitation. In fact we assume 
that the nature of the optical recombination 
is already proved 1 6), 

In Fig, 1 the light output is plotted as a 
function of the external voltage amplitude, 
the frequency of the applied field being 
200 H/.. The experimenatl points are very 
well fitted by the formula: 

ff = 

where B is the brightness and ^ a proportion- 
ality factor (curve A). From Fig. 2, showing 
the brightness-voltage curves for two other 
frequency values, it is possible to see that 
the slope of the curves does not depend on the 
excitation frequency, at least in the examined 
range. A dependence of brightness on the 
external voltage of the type with 

« ranging between 2-8, was observed by 
other authors on several materials [3, 8], 
but over voltage and brightness short ranges 
only. In these cases experimenatl results 
are belter fitted by Alfrey-Taylor formula. 
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1 10 V 

Volrigt In arbitrary units 


Eig, I. Brightness vs. voltage. Sinusoidally varying field: 200 Hz; 
max. applied voltage: 810*V/cm peak to peak. Curve A. the experi- 
mental points are plotted on a log- log scale. Curve B: the same point.s 
of curve .4 plotted in a semilog-scale as a function of l/VF. 



10 I 


Voltaga (arbitrary units) 

Fig. 2. Brightness vs. voltage. Sinusoidally varying 
field; curve /1: 50 Hz. Curve B\ 500 Hz. 
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which has been extensively verified over 
large ranges in the most cases of electro- 
luminescent cells. The rather unusual result 
in our case is that the power dependence of 
the light output from the applied voltage 
approximates the experimental behaviour 
much better than an exponential law of 
the Alfrey-Taylor type (Fig. 1 . curve B). 

The dependence of the brightness on the 
applied field frequency, as shown in Fig. 
3. has been found to be a linear one in the 
range from .'iO to 2000 Hz for two different 


by Fischer[2. 3] as alternative hypothesis 
to the inverted impact ionisation. When 
the field is applied to the sample, electrons 
and holes are alternatively field emitted from 
the opposite sides of the colloids. Free holes 
cause a lattice deformation, remaining 
self trapped centers); electrons, in the 
following half cycle, are emitted into the 
positive space charge sheath of previously 
trapped holes. Electrons and self trapped 
holes recombine radiatively if the temperature 
is sufficiently low (less than 80°K in Kl). The 



Frequency 

t ijj, 5 Brightness vs I'rcqucncy. Sinusuidally varying field, curve /t: 
30 kV/cm. Curve /t; lOkV/cm. 


voltage amplitudes (10 and 30 kV/cm). 
No light emission was obtained under a 
d.c. field. 

Figure 4 is a direct photograph of brightness 
and voltage waves at 200 Hz. l ight waves 
present no evidence for ‘primary’ and 
‘.secondary’ peaks, and the light peaks are 
in phase with the voltage ones. 

DISCUSSION 

Our experimental results are consistent 
with the double emission model suggested 


field emission current density is governed 
by the Fowler-Nordheim law: 

where £ is the local field, /( and a are pro- 
portionality factors, this law applying for 
both carriers. 

As potassium has a low electron work 
function (di~2eV), electrons are more prob- 
ably emitted with respect to holes at the 
beginning of every half cycle, and their 



Fig. 4. Brightness and voltage waves at 200 Hz. 
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emission lowers the Fermi level, so favouring 
the subsequent injection of holes from 
colloids. In this, case, assuming the neutrality 
of potassium colloids, the number of injected 
holes during half a cycle will be equal to 
the number of injected electrons, that is; 

halfcycle 

where the local field E must be a periodical 
function of the same frequency of the applied 
voltage. If the external voltage varies sinu- 
soidally, we can take E{t) = E„coscdI, 
En being the amplitude of the local field, 
and the exponential factor in the preceding 
formula becomes exp [-«/( En cos i )]. 

Assuming now £„ to be one or two orders 
of magnitude higher than a, exp (-alEa) 
is practically a constant, and n, and n_ 
reduce to be both proportional to £«*. The 
brightness B is proportional both to the 
number of electrons injected during half 
a cycle and to the number «+* of holes 
self trapped in the same time. Supposing 
that all injected holes are self-trapped, 
n^.* = n+ and 

B “ «,/i. » £„'* 

in agreement with our experimental results. 

This model is quantitatively consistent 
with available experimental values: the 
proportionality factor a has been evaluated 
to be n = 6-il0' where J{y) is a 

dimensionless elliptic function of the vari- 
able y = 3-79. 10-' (£*''/((/)-€)), where the 
kinetic energy e of the field emitted carriers 
has been considered negligible with respect 
to d)[9]. In our case a can be assumed to 
be of the order of 10®V/cm. Supposing 
En ranging between 10’ and lO^V/cm, the 
factor exp (-a/£o) will be between 0-9-0'99. 
Such great values for £„ are not surprising, 
for it is well known that the local field can 
far exceed the breakdown limit [10]. This 
argument is not restricted to the case of 
sinusoidally varying applied voltage; but it 


is valid for any periodic function with £„ as 
recurrent maximum value. 

The linear rise of brightness with increasing 
frequency shown in Fig. 2 has been observed 
in the same range by other authors [8]. It 
is usually simply explained assuming that 
the integrated light output over a single 
cycle does not depend on the period over 
a rather wide frequency range. On this basis, 
the number of carriers emitted during a single 
semicycle is governed by the applied field 
amplitude only [11]. 

The dependence of brightness on time over 
a single excitation cycle is in agreement with 
Fischer’s model: in fact the light emission 
is contemporary to the field emission of elec- 
trons from the metal colloids. 

The phase shift between light and voltage 
waves can give information about the in- 
tensity of the field due to self trapped holes. 
In fact they create a space charge getting 
its maximum value during the last period of 
every half-cycle, and remaining unreduced 
until electrons begin to flow toward it. The 
field created by this space charge is a periodic 
one, and its maxima anticipate by nearly 
ir/2 tho.se of the external field. When the 
latter is zero, space charge has its maxima, 
and, if its field would be strong enough, it 
could succeed in pulling electrons out of 
colloids, thereby giving rise to brightness 
waves anticipated with respect to external 
field. The fact that we did not observe any 
phase shift in the examined frequency range, 
suggests that in this case space charge can 
be neglected, and does not influence the 
phenomenon. 


CONCLUSIONS 

Metallic colloids embedded in an alkali 
halide single crystal under the effect of applied 
field inject electrons and holes according 
to the Fowler-Nordheim law. These carriers 
are emitted only during a short time following 
the application of the field. Later the polariza- 
tion of the crystal or/and the space charges 
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created by the injected carriers inhibit any 
further field emission from the colloids. 

Applying an alternating field, electrons 
and holes are successively field emitted from 
the opposite sides of the colloids, and the 
former recombine with centers created 
by the latter. The observed electrolumines- 
cence gives information about the mechanism 
of carrier emission and recombination, in 
agreement with the double emission model. 

A( knottii^dgcmi'nh-'fhe aiilhors are graltfiil lo Pro- 
fessor R Fieschi and Mr, P A, Htncdelii for helpful 
discussions 
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NMR AND ELECTRON MICROSCOPY STUDIES ON 
IRRADIATED LITHIUM HYDRIDE* 
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Abstract —Gamma-irradiated lithiiim hydride has been studied with pulsed NMR and electron 
microscopy. Cubic voids were seen in the micrographs, and were shown to be hydrogen gas bubbles. 
Formation of these bubbles caused LiH to swell as much as 25 volume per cent on irradiation. The 
average bubble size seems to be mainly a function of the irradiation lemperalure; the average size 
ranges from 80-I500A for irradiation temperatures between 120 and 26.5°C. Hydrogen gas in the 
bubbles gives nse to a motionally-narrowed NMR signal. The longitudinal relaxation time T, appears 
to be a function only of the gas density, as is expected for gases. The transverse relaxation time 
is strongly affected by wall inleraclions and, therefore, decreases markedly with decreasing bubble size. 


1, INTRODUCTION 

Lithium hydride is unusual in that it shows 
very large volume expansion when irradiated. 
Pretzel [1,2] found volume increases up to 
.15 per cent for lithium hydride irradiated 
with low-energy electrons. We have previously 
irradiated LiH with “"Co y-rays and have 
observed expansions as large as 25 per cent 
volume per cent[3]. Maximum swelling 
occurs for irradiations at temperatures of 
I5()-200°C; no swelling occurs at tempera- 
tures above 300°C. The motionally-narrowed 
lithium and hydrogen signals that are produced 
by radiation[3| were studied using pulsed 
nuclear magnetic resonance (NMR). The 
amplitude of the NMR signals increases 
with increasing swelling. The resonance 
from the[7] Li shows a Knight shift charac- 
teristic of the metallic form[2, 4, 5] and thus 
indicates precipitation of the lithium due to 
the irradiation. The magnitude of the hydrogen 
signal shows a temperature variation which is 
explained by assuming that the hydrogen 
exists as diatomic molecules and undergoes 
an ortho-para transition. The density of the 
hydrogen gas was calculated in two ways; 
(1) by comparison of the longitudinal relaxa- 


’This work was performed under the auspice.s of the 
U.S. Atomic Energy Commission. 


tion time T, to reported measurements of T, 
vs. gas densily[6]. and (2) by assuming that 
all the observed swelling is due to the for- 
mation of gas bubbles which contain the 
amount of H 2 measured by NMR. Densities 
arrived at in these two ways are in close 
agreement for most samples, supporting the 
assumption that the increase in volume is 
due to formation of gas bubbles. Electron 
microscopic examination of irradiated LiH 
has shown the presence of 'cubic' porosity [7]. 
The walls of the cubic voids are nearly always 
parallel to the (100) planes of the lattice. A 
pronounced anisotropy of the measured 
transverse relaxation time as a function 
of LiH crystal orientation in the magnetic 
field is evidence" that the cubic bubbles 
contain the Hj gas[81. 

NMR measurements of motionally 
narrowed lithium and hydrogen show a 
maximum atomic ratio, 'Li/H, of about 3 
rather than unity, as is expected from stoi- 
chiometry. However, since decomposition 
of I cm'' of LiH can yield 1-27 cm' of Li 
metal, only 0-79 (1/1-27) of the precipitated 
metal can fit within the original volume. This 
fraction is comparable to that experimentally 
observed, and strongly indicates that Li 
precipitates only in the amount that can 
occupy available volume due to radiation 
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decomposition of the lattice. The Hj gas 
bubbles apparently create extra volume in 
their formation. 

X-ray studies have shown that the lattice 
parameter of LiH increases by less than 
0-2 per cent on irradiation (9, 10] so that the 
process which produces the large volume 
changes is one which does not cause equiv- 
alent lattice distortion. This is additional 
confirmation that bubble formation causes 
the swelling. 

The radiation-induced decomptrsition of 
LiH has also been studied by differential 
thermal analysis measurements of stored 
energylll]. The magnitude of the stored 
energy is consistent with that expected from 
the back-reaction of the amounts of Li and 
Ha seen by NMR. Similar effects have been 
seen in neutron-irradiated l.iF. which expands 
more than 20 per cent when irradiated at 
ft()“( |12|. Stored energy measurements on 
irradiated LiL arc also consistent with 
back-reaction of decomposition products! 1 3]. 
Broad-line NMR measurements have shown 
up to 2 per cent of the LiF fluorine is con- 
verted to a motionally-narrowed form, 
presumably gaseous, in similarly irradiated 
material! 14|. 'Square' bubbles have also been 
observed with the optical microscope in 
irradiated l.iF which has been thermally 
annealed! I.S- 1 7]. 

2. EXPERIMENTAI. 

The LiH was synthesized from the elements 
!2. 3|. Single LiH crystals were irradiated 
from 0-5 to 47 gigarads (Grad.) with '“’('o 
y-rays over the temperature range 40-4.S0°C. 
I he swellings. NMR spin counts of and 
M l, and approximate relaxation times have 
been reported !3] for all but one series at 
7 Grad., which also gave results consistent 
with the previously reported data. All data 
are incorporated in the results of this paper. 

Electron microscopic examination of the 
irradiated LiH was done by direct carbon 
replication!?]. The LiH was cleaved in a dry 
argon atmosphere, and carbon was deposited 


normal to the cleavage faces. A Pt/20 per cent 
Pd alloy was shadow-cast on the carbon at a 
shallow angle to provide contrast. 

Most of the replicas were examined at 
about 30.000 X. A few pictures were also 
made with other microscopes at 80,000 X. 
About 250-1000 bubbles foe each sample 
were carefully measured for size under a 
magnifying glass. Care was taken to photo- 
graph representative sections of each sample. 
Many of the high dose samples showed a 
fuzziness on the replicas that often obscured 
smaller bubbles. This problem also appeared 
in low-do.se. low temperature samples where 
bubbles -100 A in size were often not seen. 
This undesirable effect may be due to surface 
contamination of the LiH during iiradiation 
and storage despite all efforts to keep a clean 
argon atmosphere. We note in this paper only 
tho.se bubble sizes where background fuzzi- 
ness did not appear to affect the definition 
of the smaller bubbles. 

The NMR was done with the same 1 5 MHz. 
phase-coherent pulsed spectrometer used 
previously!3]. Ion decays were blocked out 
of the pre-amplifier; therefore the ^Li and H.^ 
signals mentioned in this paper refer to the 
motionally-narrowed species formed on 
irradiation. 

■/', was measured by the usual 180-90° 
sequence; T.,„, was obtained from the 90- 
180°-spin echo sequence 1 18J. All the relaxa- 
tion times were measured at room temperature; 
that is, between 20-25°C, This temperature 
spread is probably partly responsible for the 
scatter in the data. The T 2 m’s were taken both 
on .samples consisting of many crystal chips 
and also on oriented single crystals. Relaxation 
times for Hj were accurate to ±5 per cent. 

3. REI,AXAT10N TIME AND BUBBLE SIZE 

Hydrogen gas at high pressures has been 
studied by pulsed NMR up to 150atm!6, 19], 
and 7'i was found to be a function of the 
density only; T, and Tj were found to be 
idmost equal in these experiments[20]. Equal 
relaxation times are expected for gases in 
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which the molecular collision frequency is 
much greater than the NMR frequency and 
where relaxation occurs only by a dipolar 
mechanism[21]. Methane, which relaxes by 
internal mechanisms, as does H. 2 . has been 
studied as a function of container size[22]. 
7i was found to be constant; however, Tj,,, 
decreased as the container size decreased 
because of interaction between the molecules 
and the walls. These results suggest that Ti„ 
for the motionally-narrowed in LiH is 
related to the bubble size. The lowest pressure 
seen in irradiated LiH is about i^00atm(3]. 
This is much higher than those in all the 
reported experiments, so that a considerable 
extrapolation is needed to apply the same 
considerations to this work. 

In these experiments 7, remains unchanged 
between room temperature and 7TK for 
all samples where 7, ^ 200 msec. There- 
fore. we have assumed that in these cases 
(pressure =s 4000 atm at 7, is a func- 
tion of gas density alone. It is also assumed 
that 7i. the transverse relaxation time for 
macroscopic gas. equals T, in these cases. 
Thus, the measured transverse relaxation 
time T. 2 „ may be expressed by 

^ = ( 1 ) 

‘2m '1 I 2w 

Here. 72„, is the time characteristic of a.c. 
relaxation processes between gas molecules 
and bubble walls. The quantity Tj,,, may be 
used as a measure of bubble size once it has 
been calibrated. 

72,,, for Hj is measured by the 90-180°- 
spin echo sequence [18]. The diffusion constant 
of the Hj gas is very high, D ~ lO'-'cm^sec, 
as predicted from gas kinetic theory. Despite 
this, the well-known NMR diffusion effects 
[18] do not appear because the nuclei cannot 
diffuse very far before hitting the bubble walls. 
The nuclei are thereby forced to remain in 
the same magnetic fields throughout the spin 
echo sequence. This restricted diffusion yields 
an apparent diffusion constant D' such that 
122] 


- ( 2 ) 

10Z)(72J^ 


In a bubble with edge length Uk ^ 1000 A. 
D' ~ lO*'-’ cmVsec, This is far to small a 
value to cause any observable effects. Thus, 
the 90-l80°-spin echo 72m is equivalent to 
the of the Carr-Purcell sequence, the 
usual procedure for eliminating diffusion 
effects[18]. 

Since Tj,,, is a strong function of orientation 
in crystals [8], the single crystal measurements 
must be related to those on randomly oriented 
crystal chips such as are usually measured in 
our experiments. 72„., derived from equation 
(I), is the quantity dependent on angle. In a 
single crystal tilted at 45°, let the angle a 
be the angle of rotation about an axis running 
vertically, along a (110) direction of the 
crystal. We have previously found that [8] 


— ? (t) 

72,,(0) |(l-.3cos^a)r 

This expression is derived by assuming 
interaction of nuclear magnetic dipoles in the 
gas with cubic walls oriented parallel with 
the (100) directions of the crystal. A mean 
angle of interaction between the d.c. magnetic 
field direction and bubble walls was assumed. 
The ratio 72„.(a)/72u(0) is normalized to 
100 ata = 0°. 

72„,(«) may be randomized by using an 
approximate average using only three orienta- 
tions of the cube: namely (100), (110), and 
(III), which occur at « = 0° and 180°, 90° 
and 54°44' and 12.5°16' respectively. For 
these orientations there are. respectively. 
6 cube sides, T^Ja )! ratio =1-00; 
12 cube edges, ratio = 0’5(); and 8 cube 
corners, ratio = 0-00. We now average over 
these three orientations: 


I 1 

Tim Timi^) 



- 3 cos- j- 


(4) 


Here f*. is the fraction of each orientation. 
A ‘random’ value, 72 „. = F7 7..„.(0), is 
obtained in this way. 
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4. RESUl.TS 

The size of the bubbles in irradiated l.iH 
as a function of irradiation temperature is 
shown in Fig, I , The bubble sizes are the 
average edge lengths of the cubic bubbles 
seen by the electron microscope. It is difficult 



]'ig. I. Avcr.'ijie fdt'c longih ol 1 1^ bubbles .iMi fimcllim 
lit I ill iiiadi.iliiHi icinpei.ilare 

to esiimalc an error in the bubble size, since 
the width of the size distribution al half height 
is about ±Mi per cent of Ihe tivciagc value 
itself. Howevei, errors from not including the 
sniiiller unseen bubbles in the average were 
estimated by also measuring the fractional 
area, occupied by the bubbles in the 

photographs. This was converted to the 
dilaltilion A I '/I'd. using: 


I his AF/F„ was compared with the swelling 
volume measured by flotation. Seven samples 
showed computed swellings 50-150 percent 
of the measured values. Those samples where 
the micrograph AT/ To was less than 20 per 
cent of the floatation value probably had the 


smaller bubbles obscured. These points are 
shown as an upper limit in size in Fig. 1 . 

The relaxation times, T, and are 
plotted against the Hj bubble edge size in 
Fig. 2. The error in determining T 2 „, is shown 
by the bars. The error becomes larger with 
increasing bubble size because as T, and 
T- 2 „, approach one another, the difference of 
the reciprocals becomes less certain. For 
the 1500 A. 7, and Tjn, (now = are identi- 
cal within the resolution of the spectrometer, 
and T-i,,, cannot be determined. The open 
circles are randomly oriented LiH samples; 
the closed circles are for single crystals, which 
have been ‘randomized’ as described above. 7, 
of course, shows no orientation dependence. 



t !(:. 2. Hj relaxation limes, Zi and 7',,. as a function of 
H. bubble edge length 

5. DISCUSSION 

7 he FIj bubble edge sizes (Fig. I ) are mostly 
a function of irradiation temperature, since 
maximum values seem to have been reached 
even at low doses. If the bubble size curve 
is extrapolated to lower temperatures, we 
get about 20 A at room temperatures. This is 
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perhaps a lower limit on what might be called 
a bubble, and it is at this temperature that 
large swellings first occur on irradiation[l , 2|, 
At lower temperatures, there is presumably 
not enough thermal energy available for 
diffusion processes to form bubbles, and 
large swelling does not occur[l,2]. 

The simplest relationship between and 
the bubble size one might expect is that 
T-iu- is inversely proportional to the molecular 
collision frequency with the wails, i.e. the 
product of the gas density and the square of 
the mean distance across the bubble. The 
data do not agree with this simple kinetic 
description, however, and the 
curve is presented as an empirical relationship. 

It is seen in Kig. 2 that T, decreases 
smoothly with increasing bubble size. This 
suggests that the gas pressure in the bubbles 
may be in equilibrium with the surface energy 
of the walls, since 7', is proportional to the 
gas density. The expression for equilibrium 
between pressure and surface energy of a 
cubic in a solid is[23| 


(h! 

where P is the pressure. «,/ is the bubble edge 
size, and y is the surface tension. Applying 
it to samples where tin 200 A, we calculate 
values of 7 in the range of 1 990-4080 ergs/ 
cml These very large numbers may be com- 
pared with a calculated y for (100) surfaces 
of LiP of 473 5 ergs/cmrf24, 251. Apparently, 
equilibrium with surface tension is not 
achieved in the H .2 bubbles in these samples. 
Possibly the large pressure in the bubbles 
is supported, at least in part by the strength 
of the lattice. Hardness and yield stress of 
alkali halides are substantially increased by 
irradiation [26]. Similar effects in LiH might 
also be expected [2|, and would enhance the 
capacity to maintain high stresses. In four 
samples where was estimated to be =20 A 
(from 7*21/’), y 250 ergs/cm' . This is not an 
unreasonable value, and perhaps in these 


cases, equilibrium with surface energy does 
occur. These materials were all irradiated at 
low dose and showed only small expansions, 
the order of 1 volume per cent. 

It is perhaps worth noting that for these 
samples which may be in equilibrium, thermal 
annealing at 40()°C removed all the expansion 
caused by irradiation. In those samples where 
high values for y were deduced, annealing 
merely caused back-reaction of Li and Hj, 
but did not remove the swelling; cubic 
bubbles were still found in annealed material 
of this sort. 

Unfortunately, the Li aggregates have not 
yet been identified with the electron micro- 
scopy. However, recent X-ray studies [271 
have shown the presence of large, oriented 
crystallites of Li in irradiated LiH. The metal 
is in the normal b.c.c. form, and particle sizes 
are T| ()()() ^ in the several samples examined 
thus far. The lower size limit is inferred from 
the sharpness of the diffraction spots from 
the Li particles. 

Wc wish U) ihimk H W Newkirk, 
G S. Smith, C F. Cline und .) Mitehell for helpful 
diseusMons. We wish also to thunk D. Cassidy of the 
Biookh.iven National I aboruloiy for his help in the 
irradiations 
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arsenic is far from being so. Indeed arsenic 
tends towards a layer-like crystal structure. 
Any particular atom is sited on one of the 
(III) planes and has three nearest neighbours 
on the adjacent parallel plane; three next 
nearest neighbours lie on another (III) plane 
on the other side of the given atom but much 
further away. The nearest neighbour (A,) and 
next nearest neighbour (A.,) distances are 
2 51 A and 315 A respectively. Thus planes 
normal to the trigonal 1 1 1 1 1 direction occur in 
pairs in which the atoms are comparatively 
close together, while these double layers arc 
more widely spaced. Three different arrange- 
ments of the atoms on the planar networks are 
extant. A projection on to the .yv plane (Tig. 
2(a)) shows (he relationship between these 
netwoiks, labelled A, H. ( , which follow 
seguentially along (he .--axis and are separated 
by the short and long inlerplanar spacings in 
turn, fhe ciystal structure is described by the 
sequence, shown in Fig. 2(b), 1 23 123 123 of 
(hiee (ypes ofdoiiblc layer network. 

Hinding between successive double layers 
IS weak -as evidenced by (he ease of cleavage 
to expose (III) plaiies-while on the other 


x-y plan« 



Co) 


Eig 2(a), Ttie arranyfirient of the three types of atomic 
nclworks A, B and C for arsenic shown projected onlo iht 
yv ptane. 



Double laytr I 
Double layer 2 

Double loyer 3 
Double layer I 

Double loyer 2 
Double loyer 3 


W 


1 ig 2(h) ( he seqiienli.i) n.iinie of ihc ptanes normal to 
the .--axis in arsenic Sm!;)c p)anes are separated alter- 
natively try i,i(- 2’2.s.r( A) and h,|(= (•252‘t A) and aie 
ariangcd in sequence ABCAIIL . 1 he double layer planes 
followiheordcrl2.G2.tl2,t. 


hand within (he double layers atoms are bound 
lightly. The crystal chemistry of the gi’oup VB 
semimelals has been discussed in some detail 
in relation to the band structure [1|. Plausibly 
the deeper lying, outer shell .v''* electrons 
participate less in the interatomic binding than 
do the Ihrce p electrons; a valency of three 
eonimonly occurs for these elements. For 
arsenic in particular, bonding within the 
double layer planes would arise essentially 
from overlap of the p'' orbitals, resulting in 
three bonds almost at right angles. The inter- 
bond angle in the layer planes is actually 
97‘’I2', some .\p hybridisation probably occurs. 
On this basts the gross features of the band 
structure become understandable!!]; two 
bands, essentially .v-bonding and .r-antibond- 
ing, are completely occupied, while three 
nearly full, predominantly p-bonding bands 
overlap slightly with nearly empty, p-anti- 
bonding bands to give the characteristic 
semimetallic behaviour. Antimony and bis- 
muth do not exhibit such pronounced layer 
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structure and cannot have bonds localized 
within the double layers to the same extent as 
in arsenic. 

The present concern is to report and inter- 
pret the elastic constants of arsenic. Com- 
parison between the data and that for bismuth 
[3] and antimony [4] point to a marked differ- 
ence between the interatomic binding in 
arsenic on the one hand and in bismuth and 
antimony on the other. Mechanical and ther- 
mal properties characteristic of layer-like 
structures would be anticipated for arsenic 
and the elastic constants attest to this. In 
particular the linear compressibility is much 
greater across the cleavage planes than along 
them, where in fact it is negative. Direct 
evidence is put forward that the atomic planes 
are loosely connected along the trigonal 
direction: this is suggestive of the model for 
arsenic, much quoted in textbooks, that the 
double layer planes are held together largely 
by van der Waals forces. This model is tested 
here. No previous quantitative assessments 
are available. Such a model cannot be used 
for rigorous computations: the high z-axis 
electrical conductivity [5] and the known 
Fermi surface point to some degree of orbital 
overlap between the double layer planes. 
However it is particularly suited to calcula- 
tion because to a first approximation inter- 
layer cohesion only need be considered. The 
exact nature of the interatomic binding within 
each double layer is not of paramount impor- 
tance. provided that it is tight and the double 
layers can be taken as being rigid. The lattice 
sums of the potential energy are computed 
assuming a l.ennard-Jones 6-n potential along 
the trigonal direction. Hence the energy of 
cohesion between the double layer planes is 
calculated. To assess the validity of the model, 
calculated linear thermal expansion and com- 
pressibility are compared with experimental 
data. 

2. EXPERtMENTAL DETAIL.S AND RESULT.S 

The elastic constants were obtained from 
ultrasound velocity measurements on single 


crystals grown by the vapour phase method 
[6] from 99-9995 per cent purity arsenic. 
Crystal perfection was good; back reflection 
Laue X-ray photographs showed the pinpoint 
spots which evidence unstrained material. 
Dislocation etch pit density was of the order 
of lO^cm’* on the (111) cleaved surfaces. 
Further indications of the state of perfection 
of these crystals can be gleaned from carrier 
mobilities and densities obtained from the low 
field magnetoresistivity tensor[5]. For the A7 
structure, the tensor component signs can 
depend upon the definition of a right-handed 
(T-x, -Fy, -l-z) axial set in the particular crystal 
under investigation!}, 7]. In the present 
instance, this is so for unambiguous determina- 
tion of the sign of Cu.The co-ordinate system 
used here is illustrated in Fig. 1. The trigonal 
(z) axis, formed by the intersection of three 
mirror planes mutually orientated at ±120°. 
lies along the long body diagonal of the primi- 
tive rhombohedral unit cell defined from the 
lattice translation vectors a,, aj,. a^. The bi- 
sectrix (y) axis, for which there are three 
options, is defined by projecting an a, on to the 
trigonal plane: the positive y direction is taken 
outwards from the origin 0 of the a,. A positive 
binary (.r) axis completes the right-handed 
set. The axis can be identified from Laue back- 
reflection photographs by reference to the 
relationship between the A7 crystal structure 
and a distorted cubic structure; the [100] 
directions show pseudo-fourfold symmetry 
and the body diagonal directions (except 
[111]) show pseudo-threefold symmetry. The 
quadrant in the mirror plane formed by the 
■fy and -Fz axes contains a pseudo-threefold 
axis and that formed by the — y and -Fz axes a 
pseudo-fourfold axis. One practical approach 
to assignment of such a right-handed system m 
a particular crystal is to inspect etch pits on 
the ( 1 1 1 ) cleaved surfaces. We have found the 
unique orientation of these etch pits in arsenic 
crystals. This has proved useful for crystal 
orientation for the elastic constant measure- 
ments among others. For the sake of comple- 
tion the etch pit orientation on antimony 
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crystals grown from the meltfSJ has been 
looked at. 

Crystals were cleaved to expose the (III) 
planes and etched. Pits on antimony, produced 
by Dash I [9], are almost triangular, while 
those for arsenic, produced by an etch com- 
posed of two parts hydrofluoric acid, I part 
nitric acid and I part glacial acetic acid (6), 
have somewhat rounded sides. Straight slip 
lines, mutually oriented at 120°, are observed 
on the (111) plane for both antimony and 
arsenic along the [101] directions, that is 
parallel to the three binary axes. Etch pits on a 
given plane all have the same orientation and 
each side of any pit, or rather in arsenic the 
tangent to the side centre, is parallel to the 
slip lines. The task remaining is to determine 
how the etch pits arc orientated with respect 
to the +.V and +v axes, when the axis is 
defined as the outward normal from the 
cleaved surface. Etch pits in arsenic and 
antimony show the same orientation: a vector 
drawn from the centre normal to a pit side 
points along fy axis. A cleavage plane can be 
exposed on opposite sides of a crystal: there 
are thus two possible definitions oftlic-l-:. axis 
as outward normals to these faces. For con- 
sistency of the orientation rule, the etch pits 
must point in opposite directions on these two 
faces, This has been confii med. 

Hrown et ul.\l\ suggest for bismuth that a 
unique assignment of + x, +y and + c axes can 
be made using a twinning plane. If the (1 1 1) 
plane is intersected by a twinning plane such 
that a — r axis intercepts the twinning plane 
below the (III) surface, then the -t-y axis 
points from the binary line, defined as the 
intersection of the two planes, to an origin 
where the c-axis cuts the surface (see Fig. 2 of 
their paper). This rule is correct, if, as de- 
scribed in the literature [10], the twinning 
planes are (110) in Miller indices referred to 
the large face centred rhombohedron or (2 1 1 ) 
referred to the primitive rhombohedrai cell. 
We have examined, by use of Eaue back- 
reflection X-ray photographs, the crystallo- 
graphy of a large (2 cm X I cm x 1 cm) twinned 


crystal of arsenic. The twin plane, which is 
somewhat broadened, has been shown to be 
the ( 1 10). The (1 1 1) planes on either side of 
the twin plane have been exposed by cleaving 
and the etch pit orientation examined. The 
results, illustrated in Fig. 3, verify experi- 
mentally that the rule proposed [7] holds for 
arsenic. Further, the relationship between this 
(1(0) plane and the right-handed -Ex, -by, +z 
set has been proved geometrically. 

Crystals, aligned to within ±1° of the pre- 
requisite directions, were planed to have faces 
flat and parallel to within 0 0002 cm and about 
I cm apart. Ultrasonic wave transit times were 
measured by the single-ended pulse-echo 
technique at a carrier frequency of 10 MHz. 
Further details of the technique and experi- 
mental apparatus may be found elsewhere 
[3,11.12]. Resonant, gold plated, quartz 
transducers. A-ciit for longitudinal and F-cut 
for transverse, were used to excite the ultra- 
sound, The transducers were bonded to the 
crystal surfaces most satisfactorily with tensol 
cement. Room temperature ultra.sonic wave 
velocities, determined as the statistical mean 
from the results of many experiments on 
several different crystals, are presented in 
Table I. There are six Voigt elastic stiffness 
constants for R3m crystals; these are best 
represented by the matrix [3] 




c,:. 

C ,4 

0 

0 

^ v: 

C„ 

C,, 

-Ch 

0 
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C., 

C:,:. 

0 

0 

0 

C,4 

-C„ 

0 

C.,., 

0 

0 

0 

0 

0 

0 

C44 

c 

0 

0 

0 

0 

Ch 
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Ultrasonic wave velocities are related [3] to 
the elastic stiffness constants Cy by the set of 
equations (1-8) in Table 1. Eight velocities 
have been measured experimentally to allow 
two redundant checks for the six stiffness con- 
stants. To obtain the Cy, a computer pro- 
gramme has been devised, producing a least- 
mean-squares fit to all eight velocities. The 
method is described in detail elsewhere [5]. 
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spending experimental value and then com- 
pared to unity to compute a parameter 
SUMSQ which is minimized. 


SUMSQ = ^ 
(-1 


calculated I ^ 
measured pv,^ 


( 10 ) 


The density of arsenic is taken as 5-766 g cm 
Calculated values for the C(j for arsenic, to- 
gether with those of bismuth and antimony are 
presented in Table 2(a). In addition. Table 
2(b) includes the elastic compliances 5,„ 
where Son is the reciprocal tensor of Cu„, (the 
usual matrix notation giving constants C„ and 
Su is used, replacing 11 by 1 . 22 by 2, 33 by 3, 
23 by 4. 13 by 5, and 12 by 6). The trans- 
formation is affected by 


5o= (II) 


where y is the determinant of the Ci, terms 
and Afj is the minor of the element C,j. 

For lattice stability, the crystal strain energy 
must be positive. To ensure this, the 
principal minor determinants of successive 
orders of the matrix C,j (equation _[9)) must all 
be greater than zero [13]. For R3m crystals, 
the principal minors are 


Cfifi, C4jC5,i — Ch, C:(,.|C44(C44Cs(;— C|4), 

(C 44 CBB — C 14 ) [ ( C ] |C;j,T — C n)C44 — C I4 C,,t]. 

(C44C,>,- C?4) [C44(C„ - C,,) (-2C'f,+ 

x{C„ + C,.,}) + 2C]4(2C];-C„C,,»]- 


Fig. .t. Schemaiic of the orientation found for a twinned 
arsenic crystal. Etch pit orientation on the (1 1 1) cleaved 
siirt'aces and one of the three sets of slip lines (each 
parallel to a possible binary x direction) are illustrated. 
The intersection of the (1 1 1) planes on either side lies 
parallel to a binary direction; the twin plane, which is the 
(1 10), contains a binary direction. The relationship be- 
tween etch pits and the Cartesian (-F.r.-f v.-F;) co- 
ordinate System on either side of the twin plane is shown. 

Each of the velocities is calculated, by insert- 
ing an arbitrary set of parameters into the 
equations (1-8), then divided by the corre- 


For all three elements, these requirements are 
satisfied, serving as an additional check on the 
experimental data. 

The Debye temperature has been calculated 
from the elastic constant data using the har- 
monic series expansion melhod.114]. Accurate 
assessment requires low temperature elastic 
constants, but the value obtained {dp = 250°K) 
from the room temperature data compares 
favourably with that (282''K) derived from 
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Table 1. Elastic stiffness constant equations and room temperature experimental 

velocities in arsenic crystals 


Hqualion 



Propaualion 

Polarisation 

Experimental 

velocity 

No 


Elastic stillness constant equations 

direction 

direction 

(X I0"'’cm/sec) 

1 
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2 
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001 
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1 

fii'C 

|l('«-('.J-+4r;,)"-| 

too 

010 

1-89 

4 

lii'i- 

- t'u 

not 

001 

3 '20 


tw-r 


(X)l 

KHIorOlO 
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i(( ,1 ^ (-nl + ( ii ' ^n 

0. 1/V2. ]iV: 

0. I/v'2. I/v'2 

4'.32 

7 

ZjU'f 

■ i(( 11 ^ f n) i ( ii f II 

{'K'n lU I, ( m)M (('m f 

0. I/V2, I/V2 

0. -I/v'2. I/v'2 

1-38 

S 

ar,‘ 

!((„„ 1 ( .,) 1 ( II 

0. i/v'2. i/v': 
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7'able 2(a). Elastic stiffness tonstants in units oj 10 
at room temperature 

cm~^ dyn 



( II < i; (ii ( ,, ( 4 , C„, SUMSQ Source 


As 

I23'(i 

19 

7 

62 3 

-4 16 

.39 1 

22 6 

S| 9 

0 010 

1 his work 

Sh 

99 4 

30 

9 

26-4 

21 6 

44-3 

.3<t-.3 

34-2 

0 019 

14J 

Bi 

(0 22 

24 

42 

24 4 

7 20 

.38 It 

II .30 

|9'40 

0 01)0 

131 


Table 2(b). Elastic compliance constants in units of 
I O' '-'cm- dyn' ' at room temperature 



s,, 

Sr 

Si., 

■S,, 

.s„ 

Si, 

S„r. 

Source 

As 

40 (» 

36 K 

-SS 0 

1 X 

202 4 

44 9 

19 6 

This work 

Sh 

10 2 

6 1 

- S 9 

12 2 

29'.3 

,3X() 

44 6 

|4| 

111 

2^ 74 

SOI 

II 33 

21 30 

40 77 

113 9 

67 31 

131 


specific heat measurements) l.'S]. I he energy 
change most easily computed from theoretical 
models is that associated with the com- 
pressibility. the measure of dilatation without 
shear under hydrostatic pressure. I he volume 
compressibility in terms of the compliance 
constants is 

li,=^S„ + S,, + S,, -f 2 ( S „ 4- S,:, -f S:„ j . (12) 

The linear compressibility, defined as the 
relative decrease in length of a line when the 


crystal is subjected to unit hydrostatic pres- 
sure. has two components foi rhombohedral 
materials, these are 

~ 5^11 b" S |2 "f ( 13 ) 

ft = (Si I TS|j-l-S,j) 

-(-S,l+S„-S|;.-S;„) (14) 

for length changes perpendicular and parallel 
to the trigonal axis respectively. Calculated 
compressibilities for arsenic, antimony and 
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bismuth are collected in Table 3. Arsenic is 
the least compressible, so far as bulk dilatation 
is concerned. But along the trigonal axis, it is 
the most compressible; of the three elements, 
arsenic is the most weakly bound along this 
direction. Most striking and significant is the 
difference in sign of the two linear compres- 
sibilities p, and pi for arsenic. When the 
crystal is subjected to a hydrostatic pressure, 
it enlarges on the xy plane. A similar effect is 
shown by graphite[16] and by telluriumll?], 
crystals also having highly anisotropic slruc- 
lures. In arsenic, in particular, this properly 
is understandable on the basis of weak inter- 
layer binding. The resultant large compres- 
sibility produces a big change in the spacing 
between the double layers and the enhanced 
repulsive forces direct atoms outwards in the 
.v.v plane. 


Jdhie 3. Linear ami volume 
compressihilities in units of 
10"'' cm'-/dyn 



fi. 

a- 

li. 

Source 

Ai 

-46 

2(1 -4 

17-2 

This vcoi'k 

Sh 

4'1 

17 5 

25'X 

HI 

Hi 

(i 3X 

1X07 

to X.t 

I.1| 


.3. LATTICE .SUMMATIONS IN THE VAN DER 
WAALS MODEL FOR ARSENIC 

I.atticc properties cun be computed from 
appropriate summations of the potential 
energy interactions of the atoms in Ihe crystal. 
The layer-like structure of arsenic, the ready 
cleavage and the great anisotropy of the linear 
compressibilities p, and p. suggest that certain 
properties will be dominated by the interlayer 
cohesion. Certainly this is sol 18] for the 
related semimetal graphite, which also has a 
layer structure. The purpose now is to cal- 
culate the lattice summations of the potential 
energy along the trigonal direction only in a 
model of rigid double layer planes interacting 
with each other by van der Waals forces. To 
probe this model for arsenic the results will be 


used to calculate z-axis compressibility and 
thermal expansion and the energy of cohesion. 
Then the theoretical assessments will be com- 
pared with experiment. The potential energy 
<l> between two interacting arsenic atoms 
located on unpaired trigonal planes is written 
as the sum of a van der Waals attractive term 
and a repulsive overlap term. 

= n.M 

Here r is the atomic separation and A and b 
are positive constants. Physically Ihe London 
dispersion effect arises from interaction be- 
tween momentarily induced atomic dipoles: 
to obtain the van der Waals attractive potential 
between the atoms, the atomic polarizability a 
is required [19-22]. Taking the first atomic 
ionization potential of arsenic as 10 05 eV, we 
estimate 4-9x 10"’^^cm“ for a. Buckingham 
[23] using self consistent field, wave functions 
and including electron exchange, has given 
general relationships between the van dcr 
Waals constant A and the polarizability a. For 
two identical atoms with A electrons in the 
outer shell, his expressions take the form 


4 Vf«/A) 

which gives A us 230x10 “"ergs cm“ for 
arsenic. Once A is known, a quantitative 
expression for the lattice potential energy i/; 
can be oblained from appropriate summations 
of d>. The approach follows that used for 
graphite 1 18], although the detailed summation 
procedures for the A7 structure are more 
complex. 

The potential energy function for 

interaction between an atom at the origin O 
with all the atoms on the /?'” plane at a distance 
Z,, along the normal to the ( 1 1 1 ) planes is 

ni 


( 17 ) 
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Figure 4 shows the definition of it ,s at 
this point that the three different types of 
atomic arrangement (Fig. 2(a)) are taken into 
account. The values of d,„ for one type of 
plane are different from those of the other two. 
All three types of planes have an identical 
number (t of atoms per unit area. To simplify, 
it is convenient to replace direct sums 


= (tA 


hlS-'iZrd-lS^iZ,) 


•( 21 ) 


To describe the full range of Zp it is con- 
venient to use three series expressions e^, f„ 
and jCp, where 




.v“(z„) = s (18) 

m 


^„^D{\+p), p = 0.1.2,.. 


by integrals of the form 

.V"(Z„) =■-- 27r(r [ (Z„Hy“) '"y.dy 


, / a-ii 


(19) 


V and w,| are respectively the distances be- 
tween and within the double layers (see Fig. 4) 
and D is equal to v + w,,. Flence 


2 

II » 


27rirP^~" 

n-2 



Fxtensivc machine computations have 
shown that the dilference between .v"fZp) and 
S''(Z„] is negligible and this replacement is 
permissabic. We can now write 


iji{Z„]=^A[hS'‘{Z„)-SHZ,.)\. (20) 

Next the potential energy per unit area for 
interaction between two semi-infinite arsenic 
crystals can be obtained by summing i|»(Zp) 
over all values of Z,, and multiplying by the 
number of atoms per cm- on each plane 


This summation may be written in terms of the 
polygamma function 


V 

s 


.S'-'Icp) = (-1) 


" (n-3) 
(«-2)! 4,{ulD) 


(23) 


where 

ifi) tt 

M = (-l)*"A! 2 (r + m)-'*"". 

m=i) 


When the same substitution is made for the 
other terms, the potential energy function is 
obtained as 



Fij!, 4 . A schematic diagram of the double layer planes 
d„i IS the distance of the mth atom on the pth plane from 
O', the point at which the normal from the origin O inter- 
sects thatpth plane sited Z„ and O. 


<lAv) 


2tt(t'^A 


. («- 2 )! 


/ iii-:i) 


xl-Mi’/D) +0(1 + tVo//)) +20(1) 



0(r//J) + 0'("l + w„/D) 


cn 

+ 20 ( 1 ) 


(24) 


The constant h is determined from the equi- 
librium condition (d0/di)),,„,,„ = 0. Expressions 
for the derivatives of 0(u) with respect to v 
are obtained by noting that 
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( 25 ) 


and 


-^(1 + h'„/D) =—(/>( 1 + W'„//)). ( 26 ) 

These derivatives are required for calcula- 
tion of the compressibility and thermal 
expansion. Numerical values of the poly- 
gamma functions were obtained for the first 
thousand terms by use of a computer. The 
potential energy functions tp(v) are plotted 
for three values (« = 8, 10, 12) of the 
repulsive exponent in Fig. 5 . 



Fig. 5. The potenlial energy function i/i(u) for interaction 
between two semi-infinite arsenic crystals. The results for 
the repulsive exponent n = 8, 10, 12 are shown, with the 
curve for n = 8 drawn in the thicker line. 

4. DISCUSSION 

Now that the experimental data for com- 
pressibility is available, it becomes possible 


to see how well the van der Waals model 
accounts for the measured lattice properties. 
A reasonable approximation is to replace the 
total volume change under hydrostatic com- 
pression with that due to the interplanar con- 
traction, when the total energy change is equal 
to that in the lattice potential energy iIj(v) 
alone. Then the z-axis linear compressibility 
may be expressed by 



( 27 ) 


Calculated values of ;8j, taking the repul- 
sive exponent /i as 8, 10 and 12 in equation 
( 24 ), are compared in Table 4 with the experi- 
mental result. Best agreement obtains when n 
is 8. 

An independent assessment of the model 
can be obtained by recourse to thermal ex- 
pansion data. The thermal expansion is a 
symmetric tensor of second rank with two 
independent components for rhombohedral 
crystals, one (fij.,) describing expansion along 
the z-axis and the other (6,,) in the Ary plane. 
In layer-type crystals anisotropy is enhanced 
and the thermal expansion coefficient 63;, of 
arsenic is much the greater, again relating 
to the weak interlayer binding. The linear 
expansion coefficient can be estimated from 
the potential energy function following 
Zhdanov | 24 ] whence 


S,T,= 


Gk 

{v+w^)B 


( 28 ) 


where k is Boltzmann's constant and B and G 
are respectively the harmonic and anharmonic 
restoring force constants for a linear chain of 
coupled oscillators in a potential i//{r) and are 
given by 


B = (i’-biv„)// 3 j. 



The values of S3;, calculated in this way are 
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Table 4. Measured and calculated values of linear compressibility, 
thermal expansion and interlayer cohesive enerpy for three values 
of repulsive exponent 


Kepuisivc I ineai Lompiessibilily 
cxpiincnl I /J, ^ !()'■' cnEdyn ') 
ill) Mc.isurtd' Calculated* 

« 26 4 2174 

III |(|.<J2 

1 2 7 W 


Inlerlayer 

l.incar tiici mal expansion cohesive 


KEdc'ii ' energy 

McasuiedI Calculated* (ergem ‘) 


S-0 5K7 515 

3 '40 746 

I '’I 875 


‘ I his woik 
'Ref 1251, 


given in I able 4. AgreenienI with the experi- 
menliil value|2.‘'| is good, tigaiii when the 
lepiilsive exponent is 8. In this ease the inter- 
layer cohesive energy is 5 1 5 ergs em (O-.WI 
eV/atoni) a ratio ol I :1-1 ol the total cohesive 
energy (.VOeV/aloni). F-'or graphite where the 
van del Waals model is certainly a better 
tipproximation than it is for arsenic, the same 
ratio IS l:.19 So the magnitude of the cal- 
culated interhiyer cohesive energy is reason- 
able. No experimental estimtiles exist lor this 
parameter or the closely related heal of 
wetting. 

1 he results in I able 4 demonsirate that the 
simple model of arsenic as a double layer 
striictiire held by van dcr Waals forces can 
give the correct order of magnitude for the 
linear compressibility and the thermal 
expansion along the .:-axis. Indeed when the 
repulsive exponent is taken as 8. agreement is 
good. Plausibly there is a high proportion of 
this type of bonding along the r-axis. I he 
model has the virtue of simplicity and allows 
a clear insight into the nature of lattice and 
mechanical properties of arsenic. 
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Abstract- A new definition is proposed for the electronic relaxation time of electron-phonon systems. 
This IS the relaxation time measured in electrical resistivity, or in the Drude coniribution to the 
optical dielectric function. The proposed expression reduced to Baym's result at zero frequency and 
to the Ron and T/oar result at high frequency The present result has the advantage that it is valid 
over the entire range of frequencies of interest 


I. INTRODUCTION 

The frequency dependent relaxation time 
t(«u) of an electronic system can not be 
defined in a rigorous way. For example, the 
different measurements of a relaxation time 
usually measure a different average over the 
physical properties of a system [1,2). A 
further difficulty is that the relaxation time 
t(<u) can not be defined in terms of some 
explicit correlation function as can, for 
example, the conductivity be defined in terms 
of a Kubo formula. A d.c. relaxation time can 
be defined in terms of the d.c. conductivity 
(7 = nchini, but there is no unique way to 
extend this definition to finite frequencies. 
One possible way to define a t{w) is by 
deriving a transport equation for the electrons, 
and then interpreting the scattering integral 
as a relaxation time[ IJ. Another possible way 
is to assume that the Drude formula 


is valid in simple metals for frequencies below 
the interband thresholds. This assumption 
permits a derivation of t from the definition of 
the dielectric function, which can be rigorous- 


‘Reseui'ch supported by Nuliomil Science Koundalion, 
Grant 669-G P-7647. 
tAlfred P. Sloan Research Fellow 


ly defined in terms of a correlation function 
P.4J. 

In this article, we shall propose a definition 
of the relaxation time t{w) for a free electron 
gas based upon the Drude formula. Thus we 
are concerned with the relaxation time associ- 
ated with electrical conductivity, which is 
different than that associated with the shear 
viscosity or the thermal conductivity. Further- 
more. this relaxation time is not that of an 
individual electron, but represents some aver- 
age over all of the electrons participating in 
the electrical conduction. 

This investigation was stimulated by the 
experimental results of Bennett and Bennett 
on the optical properties of Ag, Au and Al [5]. 
The Bennetts found that the Drude formula 
was valid at optical frequencies below the 
interband threshold. In this frequency range 
the t(w) was found to be nearly independent 
of frequency, and furthermore the value of 
T was equal to the d,c. relaxation time obtained 
by measuring the electrical resistance. Thus 
they found experimentally that the frequency 
dependent relaxation time rto)) is nearly 
independent of frequency in the range (0 ^ 
(u^2 0eV). It is important, to note that 
Bennetts' samples were very pure so that 
phonon scattering is the important contribu- 
tion to T, and the experiments were performed 
at room temperatures. 
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A partial explanation of this phenomena has 
already been provided by the work of Ron|3], 
Tzoar[4] and Hopfield[6]. They calculate 
an electronic relaxation time r from the 
electron-phonon interaction which shows a 
remarkable independence of w in the range 
0 « (u o),, where w,, is the plasma frequency. 
This basically accounts for Bennetts’ data 
except for one feature. In the limit of zero 
frequency, the Ron, Tzoar and Hopficid 
equation docs not reduce to the correct 
temperature dependent d.c. relaxation lime. 
Our model for the d.c. result is the form 
proposed by Baym[l |. The formula we derive 
is similar to Haym’s at d.c. and to Ron and 
Tzoar at high frequency. 

It has the feature that at high temperatures 
(greater than the Debye energies), the d.c. 
and high frequency relaxation times are the 
same, thereby explaining the experimental 
result. 

Our basic assumption in the calculation is 
that it IS adequate to evaluate l/rtw) to first 
order in the square of the electron-phonon 
matrix element So we assume the exis- 
lense of a series. 

l/rtw) = 2 I ’/•,,* '0)1 fO(Af') (1.2) 

<(A 

in which it is sutlicient to keep just the first 
term. However, the first term can still be 
quite complicated. For example, the term 
/•q\ (w) should include the clfecls of electron- 
electron interaction, interband transition (i.e. 
crystal structure), and multiple scattering. Our 
calculation is done for a free electron gas. So 
our expression (2.11) does not include band 
structure effects, but does include electron- 
electron scattering and multiple scatterings 
consistent with the approximation of only 
including terms to |Afqkjl So we are mainly 
concerned with the simple metals (e.g. Al) 
where is “small”, and it is usually adequate 
to calculate quantities to order Our 

aim is to get right the other factors, which are 
due to electron-electron interaction etc. 
Most previous calculations have been con- 


tent to evaluate terms to order lAf,,A|^. The 
only exception of which we are aware is 
Baym’s result for w = 0, yet even those apply- 
ing Baym’s results simplify to terms of order 

Our method of obtaining t(w) begins from 
the definition of the A = 0 transverse dielectric 
function e j(di>) in terms of a correlation func- 
tion. By manipulating this correlation function, 
we are able to express it as a power series in 


6; (ta) 

q* 

+ 0(M<). (1.3) 


The first term in ( 1.3) contains terms indepen- 
dent of Now from the Drude equation 

( 1. 1 ). we can expand 

e (w) = I — ^ ( I —Utol) — l/(Tai)^+ • ■ 

' 0)- 

0.4) 

Because a term (I/t)" is proportional to 
or even higher powers of 
it lollows that the term is the only one 

proportional to So this term can be 

identified with the second term in (1.3), 
which establishes a proportionality between 
€,'-^ in (1.3) and F in (1.2). Thus we are able 
to derive (1.2) from (1.3). Note that this 
identification docs not depend upon the con- 
vergence of the expansion in (1.4). It is valid 
for 0)7 I. and even for w -► 0. The result 
tor t(()) is equivalent to the answer obtained 
from d.c. transport theory. For example it 
has the ( I— cos 6) factor in the integration 
over wave vectors. 

Our formula for the relaxation time has the 
form 


I/t(w) = 


/•X 

= -^Re 


d,ei(o(/-f’) 




The idea of defining the relaxation time as 



RELAXATION TIME OF ELECTRON-PHONON SYSTEMS 


1479 


a correlation function of time-derivative 
quantities is not new. Mori and Kawasaki 
[7] proposed that the relaxation time for 
spins be defined by the correlation function 
[5(r),5(/')]. This idea was expanded by 
Sandy and Jones [8], who used a dielectric 
relaxation time defined in terms of [/*(/), 
/’(/')]. 

2. RELAXATION TIME 

The density and current correlation func- 
tions can be defined in the Matsubara notation 
as [9, 10] 


Triioi) =7^{U(0),7V(0)]) 

1(0 

The first term is a way of writing the result 

-A(O)jJO)} 

and this term vanishes. In the second term 
the bracket may be rewritten as 


7((i(o)=-['dTd‘^(TMT)JJ0)) ( 2 . 1 ) 

xiciJfo) = - f (he''^(T,p(c/,T)p(-(/,0)). 

^ 0 

( 2 . 2 ) 

The current correlation function (2.1) is 
given for the case of zero wave vector. This 
reflects our interest in the optical dielectric 
problem ( I . I ), which is also defined at vanish- 
ing wave vector. After evaluating these 
correlation functions, the related retarded 
functions (77«.A'r) are obtained by letting 
(w^cu + (8. The transverse e^(w) and 
longitudinal e((/,a)) dielectric functions are 
defined in terms of the retarded functions 
[9,10] 


e,(w) = 1 

Wp- 47r 

-^--,rr,{(o) 

(2.3) 

\l€{q,<o) = 

'+^X«(9.w). 

(2.4) 


Integrating by parts again gives 






:. 6 ) 


We will show that the first term vanishes for 
a free electron gas. In a free electron gas the 
positive charge is spread uniformly over the 
system. There are no energy bands nor inter- 
band contributions to i„orp. The Hamiltonian 
for the electron-phonon system is 

,/f’= 'ifo-f- ^ i.i-i-i 


If we assume that the Drude equation ( 1 . 1 ) is 
valid, then comparing it with (2.3) gives 


TTuioi) 


ne'^ 1 
m I— ion' 


(2.5) 


Our derivation begins by integrating by 
parts on the t integral in equation (2.1). 
The first integration yields 


p 1* 


s* 



where A is the phonon polarization, and 
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v 4 (|A (Oi|A“^OqA) 

f>Ul) ~ ^ P ' '1^ P 

P 

/,.-~2/',.f'p‘0. 

p 

Evaliialc 


phonon Green's functions, although this is 
slightly inconsistent since this implies that 
■y contains electron-phonon contributions 
to its self energy. Denote with a prime the 
nUoi) evaluated by this approximation 




=- I '/../'..(r)] 

()T 

C|> 

In this case the first term in (2.b) does vanish, 
and the remaining term may be written ;is 

rr(f-)) X 

<|(| XA 



X, (w,)x(^, i(o + tw,). 


After evaluating the sum over /oi, we get for 
the retarded function 




r ^ 

'j 277 


n(w'] 


dTe""M7r.'l,|.(T).-l„A 


( 0 ) 


■ 2D,|: ( I/. X : <ij' — w ) Im .. — ! — 
eiq.oi’) 


s p((/, ())). (2.7) 

I his I'ormiihi is exact for a free electron gas. 
It provides the point of deptirlure for the 
remaining discussion. 

In most electron gas problems the electron- 
phonon interaction is considered to be "weak" 
in that it is usutilly adequiUe to calculate 
quantities to order |WqA|-. If we adopt this 
approximation in (2.7|, then we can evaluate 
the brtickel \T^4 (r)...] while neglecting 
any further effects of the electron-phonon 
interaction. In this case the bracket exactly 
equals 

i, y(q.\.T}xiq.T) 


\t{q.(u f w ) /) 

C.H) 

where A^iq.u) is the phonon spectral func- 
tion which is derived from the retarded 
Green's function 

/t^tq. w) =-2/mD,((q, X,tv) 

and //((I)') = te**"'- 1 ) '. In deriving (2.8) we 
have used (2.4) to relate to the 

inverse of the dielectric function. 

We wish to relate (2.8) to a relaxation time 
t(w). In calculating 1 /t(w), we are usually 
content to calculate those terms for which 


where .y is the phonon Greens function and 
Xiq-r) is the correlation function defined 
in (2.2). In this approximation x contains 
no electron-phonon contributions, but it is 
exact in so far as electron-electron inter- 
actions. We take £^{q,k,T) as the exact 


1/t ~ iMqAl'^. 

Now expand (2.5) 

'»7k(w) =--^^(|l - i/tw-I- ■ ■ ■)■ (2.9) 

rmu) 
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This series suggests that terms in 7r«(<o) which 
are proportional to contribute to the 

leading term in (2.9). Whereas terms |jV/i,|'' in 
TTffi&j) could arise from either of the first two 
terms (1 /t or 1 /t^) in (2.9 . We deduce, by com- 
paring (2.8) and (2.9) that is given to 

order by 7r),{w) 


Baym[l] derived a result for the d.c. relaxa- 
tion time. In (2.1 1) we take the limit of zero 
frequency by 

lim [n(w') -n(w-(-tu')] =--^,n{u)'] 

u.(i <0 dw 


1It((i>) /mTThid)). (2.10) 

We emphasize that our equating of the first 
term in (2.9) to 7rft(w) is based on a matrix 
element argument. This identification is 
valid even when the second term is larger 
than the first, which occurs at tw < 1. By 
taking the imaginary part of (2.8), and re- 
arranging it slightly, we get 


So our result is [ 1 1 ] 


r d'*'' , , 

J 


X 


1 


( 2 . 12 ) 


1/t(w) = (47rne'^mo)) ' J 


X 

X 


dta' , , ,,, 1 


[«(io’ ) -n(aj-f oj')] . 


(2.11) 


This can be made to resemble Baym's result 
equation (8) by the following alterations. First, 
the matrix element is taken to be 


M^ = 





1(2 

(eV ’q) 


This expression is our final, most general, 
formula for r(w). It has been derived a.ssum- 
ing that the Drude formula (l.l) is valid. It 
is not an exact expression since we have made 
the common and apparently well founded 
(for simple metals) assumption that it is 
adequate to take only terms proportional 
to \M Within these limitations and 
assumptions the resulting expression (2.11) 
appears to contain all electron-electron 
interactions exactly. 

Another way to demonstrate the plausibility 
of (2.11) is to relate this definition of T(a>) 
to those derived previously. We will now 
show that (2.1 1) does reduce to prior results 
in the proper limits. The chief virtue of the 
present result is that it appears valid for all 
values of temperatures {\lfi) and frequency. 
Previous results appear to be valid over 
limited areas of the frequency-temperature 
range. 


where v^iq) is the unscreended electron-ion 
interaction. Vo is the unit cell volume and 
M is the ion mass. Then Baym defined 
S'iq,(i}) which is 

C-/ X _ V , 

■> (f/.<^) = 

K 

X (^ ■ q)“/w,A. 

Secondly, in 

/ I _ ejlq.tu' ) 

"'({q.w') |6(t/,w')|'' 

Baym’s result corresponds to taking the 
Random Phase Approximation for in the 
limit of small iv' 

, ,, le'tnW 

«z(9'“ )= li[lpy-q). 
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We finally get Baym’s re.sult[l I] 


l/r(0) = 


m 

Mn-'Zh 




€(q,<xi') 


S'iq. w')/3ai'/i (<«'). 

(2.13) 


So we obtain Baym’s result from our (2. 12) by 
taking ej in the RPA. This suggests that our 
result (2.12) is a slight improvement over 
Baym’s in that it is valid for any form of 
Numerical calculations by Dynes 
and Carbotte|l2] indicate that Baym’s result 
does give a good quantitative account of the 
temperature dependence of the resistivity of 
simple metals. 

Ron [3] has also derived a frequency depen- 
dent relaxation time for electron-phonon 
systems. His approach is similar to that used 
here, in that he derives a result for the fre- 
quency dependent conductivity and relates it 
to r(tu) through the Drude expression. In spite 
of these similarities in approach, the present 
result is different than Ron’s. In particular, 
the two results differ dramatically at zero 
frequency where Ron’s result is qualitatively 
different than (2.12) or (2.13). This com- 
parison is unfair because Ron explicitly 
specifies that his t(w) is valid at high frequency 
(wT I) and not at low frequency. 

A comparison of the two results at high 
frequency show that they are very similar 
in this regime. In order to compare with Ron’s 
result, we need to assume in (2.1 1) that the 
phonons are well defined eigenstates 1 13) 


/4*(q, w) = 2 i 7 f6(w' - ) -6(ftj' Toj,*)]. 

(2.14) 

In evaluating (2.11) in the high frequency 
limit, we can neglect the term n((a±(«i|»). 
We get for w > (1//3, oj.,*) 

I/t(w) = (AtTne^wjin) ' ^ W 

X co^h ( I m — T- (2.1-3) 

^ ^ f(q,w) 


In deriving this result we have neglected the 
phonon frequency a»,x ine(<?, w±w«*). Making 
the same approximation on Ron’s result 
yields the same result as (2.15). Thus Ron’s 
result is the same as (2.1 1) at high frequency 
but not at low frequencies. 

Another feature of (2.11) is that at high 
temperatures (/3w,i < 1), t(w) is remarkably 
independent of frequency. At high tempera- 
tures, the high frequency result (2. 1 5) becomes 

IIt(w) = (4ffne^ma))"' V 

o> \PWq\/ 


The d.c. relaxation term from (2.12) obtained 
by using (2. 1 4) is 


I/t( 0) = (47re^nm) ' 


q» 



X I in— . 

«(</•%) 

These two results are numerically similar for 
frequencies less than the plasma frequency 
(w % (v,,) because the factor 

I , 1 

-Im- r 

w e(i/.w) 

is remarkably insensitive to w in this range. 
This is shown explicitly by the numerical 
calculations of Ron and Tzoar[4]. This in- 
sensitivity to w appears to explain Bennetts’ 
optical data taken at room temperature. For 
optical experiments at helium temperatures, 
one expects that the r(w) in the Drude term 
is to still be a relative insensitive function of 
w (given by (2. 1 5)), but this t will be different 
than measured at d.c. (given by (2.12)). Of 
course, interband terms will change rfeu) 
dramatically, so this insensitivity to frequen- 
cies only is valid below the threshold for 
interband transitions. 
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3. DISCUSSION 

Hopfielcl[ 6 ] and Ferrell [14] have suggested 
an equation for calculating the phonon and 
interband contributions to the transverse 
dielectric function. Their result is similar to 
that used by Ron and Tzoar[3,4] and cor- 
responds to using 


where the high frequency t(oj) is defined in 

(2.15) . The present derivation of this result, 
by the integration by parts method in Section 
2 provides an alternate derivation to that 
suggested by Hopfield and Ferrell. If we had 
started from the electron-ion interaction or 
from the electron-impurity interaction, 
instead of from the electron-phonon inter- 
action, we could derive a formula analogous 
to (2.15) for these interactions by the same 
technique. 

Foo and Hopfield [1 5] point out that the 
Hopfield-Ferrell formula has a broader inter- 
pretation than originally suggested. For 
example, suppose that one used (3.1) and 

(2.15) to calculate € 2 ( 6 ;) to order in 

the electron-phonon interaction. In this case 
the proper interpretation to put on the longi- 
tudinal dielectric function €(t/,(o) in (2.15) is 
that it contains the effects of all interactions 
except the electron-phonon. So it includes 
the effects of interband transitions as well 
as electron-electron interactions. It follows 
that the best way to calculate the strength of 
phonon-assisted interband transitions is to 
use (2.15) with the interband terms included 
in €{q, (o). This is formally equivalent to, but 
perhaps computationally easier than, the usual 
method of treating phonon-assisted transitions 
as a higher-order vertex correction [16]. 

In an earlier article [17] we reported the 
calculation of some vertex corrections to the 
interband transitions in sodium. These results 
are now regarded as gross overestimates 
because, as shown by several groups[18, 19], 
the proper inclusion of renormalization 


reduces the effect considerably. There is 
another reason why the strength of these 
plasmon-assisted interband transitions is 
considerably reduced. After the electron 
virtually emits the plasmon, the electron 
goes into a virtual intermediate state. This 
intermediate state is characterized by a short 
relaxation time because electrons in this state 
can emit real plasmons. This high damping 
in the intermediate state should reduce the 
probability of these plasmon-assisted transi- 
tions. The same considerations imply that 
the plasmoron peak should be less than 
present theoretical predictions [20-22] and 
may explain why the effect is not observed 
experimentally [23]. 

The present discussion of the Hopfield- 
Ferrell formula suggests that there is a 
better way of calculating such vertex correc- 
tions. They must all be equivalent to correc- 
tions to the dielectric function e(q,(u), This 
follows immediately from the assertion that 
€(q.(D) contains the effects of all electron- 
electron interactions. Thus the best way to 
evaluate these vertex corrections is to cal- 
culate a better dielectric function. This is 
the approach followed by Young[24]. How- 
ever. his estimates of the corrections to 
(liq.w) appear to be too large because he 
did not account for the high damping in the 
intermediate electron states which was 
mentioned above. 
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COHESIVE ENERGIES OF NH4CI AND NH4Br 

C. S. N. MURTHV and Y. V. G. S. MlIRTI 
Department of Physics, Indian Institute of Technology. Madras, Madras-36. India 

{Rfceiwd 29 Seplemher 1 969) 

Abstract-The Born Model is used to calculate the room temperature cohesive energies of NH/ I 
and NH^Br. The computed values are respectively 1.55 0 and 148-2 kcal/molc. Comparison with 
experimental cohesive energies determined from a thermo-chemical cycle shows the predominance of 
ionic binding and suggests a probable contribution of 4-4 and 4-0 kcal/moie due to hydrogen bonding 
in NHjCI and NH^Br respectively. 


I. INTRODUCTION 

The Born Model|l] has been successfully 
used to account for the cohesion of most of 
the alkali halides with the NaCl structure. 
Some of them show a dimorphic transition 
to CsCI structure under high pressures, their 
relative stabilities [1, 2) being the subject of 
several inconclusive investigations in the 
past. Notable differences exist in the proper- 
ties (colour centres, ionic mobilities and 
defect formation, elastic anisotropy) of the 
solids crystallising in the two lattices. These 
may be presumably of a structural origin 
and there is clearly a need for a better under- 
standing of the cohesion in the salts of the 
CsCI type. Towards this end, we have 
computed the cohesive energies under 
standard thermodynamic conditions (neglig- 
ible pressure and room temperature) of .seven 
crystals of the CsCI type: CsCI, CsBr, Csl. 
TICK TlBr, NB^CI, NHjBr and the results 
on the ammonium halides are reported here. 

The ammonium halides present an interest- 
ing system for study in view of their polymor- 
phism and the possible internal rotation of 
the ammonium ion [3]. NH4CI and NH4Br 
at room temperature have a simple cubic 
space lattice of the CsCI type, with the 
tetrahedral ammonium ions oriented at 
random with respect to the two equivalent 
positions in the unit cell (the hydrogen atoms 
pointing towards one tetrahedral set of 


surrounding anions in some cells and towards 
the other set in other cells). It was inferred by 
Waddington[4] from his infra-red studies 
that the ammonium ions in the lattices of 
NH4CI and NH4Br are locked in by hydrogen 
bonding. 

Bleick|5]. assuming a point charge model, 
computed the cohesive energies of ammonium 
halides using the Born-Mayer potential 1) 
wherein second neighbour repulsions are 
considered explicitly. He deduced a value of 
8-95 eV for the proton affinity of ammonia 
(Pmi,) from his lattice energy calculations 
in agreement with the theoretical value 
(9-0 eV) of Mullikenlh]. Ladd and Lee [7], 
in their thermodynamical studies of ammon- 
ium halides, calculated the lattice energies 
with a single exponential repulsive potential 
and using the Van der Waals coefficients of 
rubidium halides. The thermodynamic 
correction was neglected in their calculations 
and thus their values for the cohesive energy 
may be considered to be low in absolute 
magnitude by a few kcal/mole. Vetchinkin 
el n/.(8]. considering the charge distribution 
of the ammonium ion in NH 4 C 1 , made an 
approximate estimate of 10 kcal/mole for the 
contribution of hydrogen bonding. 

To decide upon the nature of binding in the 
ammonium halides, it is advisable to compare 
the theoretical and experimental cohesive 
energies but the lack of a measured value for 
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Pnh, prevented the earlier workers from 
following this procedure. A number of values 
based on the molecular orbital calculations 
have been reported in the literature[9 10]. 
However, in order to assess the magnitude 
of the hydrogen bonding in the.se .salts, we 
approach the problem by calculating the 
cohesive energy from a thermochemical 
cycle using the value deduced by Russel 
el u/.( 1 1] from their W-ion scattering measure- 
ments. This is compared with the cohesive 
energy computed on the Born model. More- 
over. as the single crystal elastic constants 
data of NH^CI and NH,Br[l2. 13] are 
available, it seemed appropriate to recalculate 
the lattice energies for these salts under 
standard thermodynamic conditions using the 
equation of state pertaining to the crystal 
data employed. Thus the thermo-dynamic 
correction is taken care of and the calculations 
are expected to improve as found by the 
present authors in the case of TICI and TlBr. 
The calculations are carried out with the 
single exponential and double exponential 
Born-Mayer repulsive potential and the 
results indicated a predominantly ionic 
character of binding for N H ,(’1 and N H ,Br. 


of CsCI type af zero pressures and at classical 
temperatures can be written as 


dW, ^ 
dr 


(I) 


dW,. 8V3r 


dr'' 


Kf [ L^r \ V / / p \ /r 


4- 


m]]=^~F{T,p) 

. ) A f 


( 2 ) 


where /3 is the volume thermal expansion 
coefficient, Kr is the isothermal compres- 
sibility of the solid. If one uses the single 
exponential form B exp {—rip) for Wnir), 
equations ( 1 ) and (2) lead to 


Wi.{r) = 


-^{\-plr)- 


Sr'^T^P 


Where: 


V3Kt 

rip = (tIt. 


(3) 

(4) 


and 


«,e“ bCr , SDr Sr'Tp 

““'73k7 


2. OKTERMINAllON OF REPULSIVE 
PARAMETERS 

The lattice energy If’, of an ionic crystal 
is composed of an attractive and a repulsive 
part. The Born Model assumes that the 
attractive part -IV,^{r) is given by the 
Madelung energy and by the dipole-dipole 
and dipole-quadrupole Van der Waals 
interaction energies and postulates a plausible 
form for the dependence of the repulsive 
part IV/iir) on the interionic distance. The 
parameters entering a particular form of 
W^ir) are determined from crystal data in 
standard thermodynamic conditions by means 
of the equation of state and its volume deriva- 
tive at constant temperature in the vibrational 
Hildebrand form[l]. The equations which 
are strictly correct for a quasi harmonic solid 


Kr r 


42Cr 72D, 


where G and Dr are the Madelung 
constant and the Van der Waals coefficients 
referred to the nearest neighbour distance. 
The values of the coefficients Cr and Dr are 
taken from Bleick|5]. The repulsive para- 
meter p is determined from equation (4). 
If one considers explicitly the second neigh- 
bour repulsions by adopting the double 
exponential repulsive potential so that 




r** r" 
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X exp [(/■+ + r- - r)lp] + 3 j^exp j 
xC+f + C-_exp^yjjexp^-^-^j. (5) 


The quantities c+_, c__, t + + are the Pauling 
coefficients. 

Equations ( 1 ) and (2) can be rewritten as 



The repulsive parameters b, p are evaluated 
from equations (6) and (7) using r+ = 1-43 A, 
rii_ = l-81A and ri,r_.= l'96A and the 
calculations were carried out on an IBM 1620 
computer. The experimental crystal data used 
is listed in Table 1. 

Data analysis 

The past authors made use of Bridgman’s 
[14] Volume compression data for determin- 
ing the isothermal compressibility and its 
temperature and pressure coefficients. His 
data were taken on pressed polycrystalline 
samples which one might expect to be more 
compressible than single crystals. Moreover, 
since the compressibilities derived from 
velocity of sound measurements would give 


Table 1. Crystal data for CsCl type 
NH^CI and NH^Br at room tempera- 
ture and at atmospheric pressure 


Experimental parameter 

NH4CI 

NH^Br 

10"r 


cm 

3-348 

3-505 

mKr 


cm^dyn 

5-580 

6-440 

Ay 

(f). 

cm'idyn 

-43-160 

-68-890 

KF tI-I 


°K-' 

4-730 

9-410 

A,.' 
10- /3 

1 »t) 

“K-' 

1-6.59* 

1-792* 

lO'^T 


ergs 

16-906 

16-055 

lO'V 


ergs 

144-068 

136-821 


'Refll.Si. 


information more representative of zero 
pressure than those derived by extrapolation 
of compressions at high pressures, we used 
the elastic constants data. From the adiabatic 
compressibility (A's) the isothermal com- 
pressibility {Kt) at various temperature is 
deduced from the well known thermo- 
dynamic relation 


where C,. is the specific heat per mole at 
constant pressure, M is the molecular weight 
and d is the density. The temperature varia- 
tion of /3[I5] and Cp[16] are taken into 
account. The isothermal compressibility at 
various pressures is calculated considering 
the pressure dependence of /3 and d using the 
procedure adopted by Morse and Lawson 
[17]. The temperature and pressure coeffi- 
cients of Kj at zero pressure are obtained 
from the slopes of /fy - T and Kj-P curves 
respectively. 

To the lattice energy given by equations 
(3) and (5) the internal vibrational energy, 
which is usually estimated on a Debye Model, 
is added to give the cohesive qnergy at room 
temperature. In view of the anomalous ther- 
mal behaviour of NH^CI and NH 4 Br the 
internal energy estimated from the specific 
heat data is used[5[. The values of the 
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cohesive energies in standard thermo- 
dynamic conditions are cited in Table 2 
together with their deviations indicated in 
parenthesis from the experimental values. 

3. EXfERlMENTAI. COHESIVE ENERGIES 
The thermo-chemical process giving the 
reactions and the corresponding enthalpy 
changes, is the same as that adopted by 
Bleickl5|. except that it is used to obtain the 
enthalpy of formation of the crystal at room 
temperature rather than at the absolute zero, 
from the dispersed ions at the absolute zero. 
The cohesive energies |Pf',.kcal./mole) 
given in column 2 of Table 2 are calculated 
at room temperature and at atmospheric 
pressure using the recent thermo-chemical 
data, wherever available. 


of depends largely on the uncertainty of 
the value used foi the proton affinity of 
ammonia. The result that the experimental 
IVr is less than that of the theoretical value 
reflects the uncertainty in the magnitude of 
Pnh, used which is clearly an overestimate 
by at least 0-2 eV. Even though this uncer- 
tainty was not quoted by the authors [1 1] it is 
clear from the discussion in their paper, 
the value of 9-4 eV may be too large by about 
0-2 to 0-4 eV. If we take 9 0eV for P^h, 
the experimental energies will exceed the 
computed values by 4-4 and 4-0kcal./mole 
for NHjCI and NH„Br respectively. These 
probably represent upper limits for the 
Hydrogen bonding contribution. If one 
considers the hydrogen bonding energy of 
about lOkcal./mole estimated by Vetchinkin 


* Reactions 


NH,A'(f, 298^'K) 

HMc'.O’K) 

.V (g.0"K) 


NH4‘(.e.0°K)-l-A’ (g.O^K) 

H''(,e.0°K) 

rtg.tTK) 


NH.,(g. O^K) — ^ NH:,(g. 298''K) 

H''(g. (f K) -f 0"K) 298°K) + JV’t,!;, 298“K) 

H"(g, 298“K) i //.,( .V, 298"K) 

.V'Te. 298"K) — fj X,( S. 298'’K) 

298“K) 1 N.,{S. 298°K)t 

UfAS. 298‘’K) 

i NA 298‘’K) + HAS. 298'’K) + Ui-AS. 298'’K)1; 

1 A', (.S’, 298“K) NH.itr, 298'’K) 


NH4CI 

NH4Br 

^yc 

W, 

216-7 

216-7 

-313-5 

-313-5 

85-8t 

±80-5t±0-4 

I-O 


2-41 

2-4 

3-01; 

3-0 

-51-5“ 

-51-5 

-28-9t 

-26-8t 

10-9!? 

10-9 

-75-7S 

-64-7§ 


^ I'hc lellcr.s C. .S' and /> dt’iiule crystal, standard slate and gas respectively. 

IRcf.ll]. 

t rhc enthalpy changes a/t, and lli. arc estimated from the cquipartition law neglecting vibration.s 
for ammonia. 
i)Kef.|i6i. 

“Ref.|l8|. 


4. DISt'll.S.Sl()N 

The uncertainties of the various data with 
the exception of the electron affinities and the 
proton affinity amount to a fraction of a kilo- 
calorie per mole. The accuracy in the value 


f8], the proton affinity gets reduced to 8-72 
eV. However, very recently Haney and 
Franklin 1 1 9] determined the heat of formation 
of NH^^ ions from electron impact measure- 
ments and deduced the Pnh, to be 8-98 eV, 
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Table 2. Room temperature cohesive energies 
(kcal.lmole) 


Crystal Experimental 

Computed value 

value 

Single exponential Double exponential 


form 

form 

NH.C1 -150-2 

- 155- 1(- 4-9) 

- 1.55 0(-4-8) 

NH4Br - 143-0 

-l48-3(-5-.1) 

-148-2(-5'2) 


This suggests that Vetchinkin’s value for the 
hydrogen bonding energy in NHXI is 
overestimated. 

Before concluding we determine how well 
the Born Model is applicable for these by 
adopting two criteria. One method is to verify 
the Szigeti (20, 2 1 ) equations. Szigeti de- 
veloped two equations relating the experi- 
mental parameters of a Born model which can 
be written as 

9M VWHes-n^) = 47r(n^ + 2}HZe}- (9) 

Mr-W^Kr{€s + 2) = 3V{n-^ + 2) ( 10 ) 

where Ze is the charge on an ion. V is the 
molecular volume IT is the infrared ab.sorp- 
tion frequency, M is the reduced mass of the 
ions, /■ is the nearest neighbour distance. The 
value of e calculated from equation (9) 
is called e*. the effective charge. Its ratio to 
the electronic charge, e is less than one, and 
the difference between e*le and 1 is a measure 
of the overlap distortion of the ions and the 
non-centrality of the forces [22 1. Similarly, 
the calculated K* is not usually equal to the 
experimental value Kf and the ratio of 
K*IKr may be either greater or less than 1. 
with the difference due to non-centrality of 
forces or next-nearest neighbour interactions 
f2.f]. The value of e*le and along with 
experimental values at room temperature 
used in calculating them are presented in 
Table 3. 

We see that the large deviation of K*IKt 
from unity needs further discussion. The 
second derivation of Szigeti is based on the 
Born Model of ionic crystals for the stability 
of a static lattice, unlike that of his relation 


Table 3. Experimental values used 
for evaluating Szigetti equations 


Parameter 

NH,CI 

NH,Br 

Ref. 

f-, 

6-96 

7-3 

1161 

#1^ 

2-69« 

2-927 

(241 

IO-"IF(sec ’) 

3-66 

3-178 

[161 

1 0 AT (g) 

1 909 

2 33 


10'^A,(cm“/dyn) 

5-58 

6-44 


c'le 

0 94 

0-93 


K].IK, 

0-57 

0--S9 



for e*. It is strictly applicable only at very 
low temperatures. Thus the deviations of 
K*IKi from I cannot be taken to indicate 
the failure of Born Model as the room 
temperature values of the experimental 
parameters arc used. The second and sensitive 
test of the nature of binding and hence the 
applicability of Born Model is the validity of 
Cauchy's relation. The ratio of at 

room temperature is found to be 0-986 and 
1-083 for NHjCI and NH^Br respectively. 
This shows that these salts are largely ionic 
because with homopolar binding we should 
not expect the relation C |2 = C 44 to be 
satisfied [25]. 

In the light of the above considerations, it 
appears fairly certain that the cohesion in 
these salts is predominantly ionic and the 
hydrogen bonding contribution is less than 
5 kcal./mole. in NH4CI and NH4Br. 
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Abstract-The Anderson exchange and motional narrowing model of a resonance spectrum was 
solved for two distinct cases having nuclear spin values of / = J. I. j, 2. and }. In the absence of 
exchange interactions the spectrum consists of n = 2/ + I resolved lines of equal intensity and 
separated by the frequency Case (a) corresponds to equal transition probability to all other lines 
of the spectrum, while allowed transitions for case (b) occur only between adjacent lines. For both 
cases the initial elfect of increasing the magnitude of the exchange interact ion lu,. is the broadening and 
drawing together of the spectral lines. At higher exchange frequencies the spectrum is dominated by a 
single exchange narrowed component while the other n - I lines are broadened beyond detection. For 
case (a) exchange narrowing occurs when <•>, > 2(«-l)w„ and for case (b) it occurs when u, > 
2(n- l)*ft)|,. In the limit of strong exchange all of the hyperfine components collapse to the spectral 
center of gravity for case (b|. as contrasted with case ta) in which only the inner (M, = (I or ±j) 
components actually collapse to the center 

Values of the ratio at each hyperfine component s point of collapse to the center were 
determined. The variations of the line positions, widths and relative intensities were calculated as a 
function of the exchange frequency Asymptotic formulae were derived for the limits of large and 
tmall exchange. 


1. INTRODUCTION 

A NUMBER of years ago, P. W. Anderson[l] 
formulaled a mathematical model for ex- 
change and motional narrowing which he 
referred to as the ‘Random frequency- 
modulation model’. In this classical paper he 
derived determinantal expressions for an 
arbitrary spin, and deduced perturbation 
formulae for the extremes of very small and 
very large exchange. His solutions provide 
the width and position of each line in the 
spectrum. In addition, he solved the spin i 
problem exactly. The results of this paper 
have been found useful in interpreting the 
experimental data of many workers, and it is 
widely considered as the fundamental paper 
on exchange narrowing. 

Since its publication, not much additional 
work has been carried out to solve Anderson’s 
equations. Sack [2] deduced integral solutions 
for the line widths of the various lines, but his 
expressions are too complex for convenient 
use. Some workers have tended to extrapolate 
the results of Anderson’s exact solution for 

•Supported in part by Air Force Office of Scientific 
Research Grant No. 1 139-68. 
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spin i, and to draw conclusions therefrom 
concerning the htgher spin cases. The general 
belief concerning the validity of this extrapola- 
tion has hindered progress toward a fuller 
understanding of exchange narrowing. Indeed, 
the general .solutions to Anderson’s equations 
which we present below exhibit some rather 
novel and unexpected features which should 
be experimentally observable. 

The treatment presented here extends the 
Anderson approach to higher spin states, 
without any modification in the theory. Other 
authors have treated this problem from a more 
sophisticated or more general viewpoint, and 
the relationship of our approach to theirs will 
be clarified below. Much of this recent 
work in the field of relaxation and hyperfine 
structure [3-6] has been motivated by a desire 
to interpret relaxation effects in Mossbauer 
spectra, whereas the present formulation is 
more applicable to the electron spin resonance 
of transition metal ions, and to exchange 
effects in NMR for nuclei with / > i. 

2. THE ANDERSON MODEL 

Anderson's classic paper contains the 
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theoretical background for his theory, so we 
will be content to present his final equations. 
The basic parameters which enter into the 
theory are the hypcrfine coupling constant 
A„ and the exchange frequency <a,.. In the 
absence of exchange the observed hyperfine 
spectrum arising from a nuclear spin / is 
assumed to consist of 2/+1 equally spaced 
hyperfine lines, and each line is assumed to 
have the same amplitude and zero width. 

Anderson considers two simple cases of his 
model which he characterizes ;is ‘typical of 
two possible extremes’. In case (a) we con- 
sider transitions as being equally coupled to 
all other lines of the spectrum while in case 
(b| the transitions occur only to the nearest 
lines. For spin / one must solve a (2/ + I ) by 
(2/ + I) symmetrical square matrix. For case 
(a) the off-diagonal matrix elements are all 
w, /2/ while for case (b) the off-diagonal 
matri.x elements are <o,/2 adjticcnl to the 


diagonal ones, and zero otherwise. The 
diagonal matrix elements of case (a) with the 
eigenvalue \ are 

[-((a,.-\)-iMj/f„] (I) 

where M, runs consecutively over integral or 
half-integral values. Ca.se (b) has the same 
diagonal matrix elements except for the two 
end or corner positions where M, = ±/, for 
which -to,, is replaced by -to, .12. As a result, 
if all of the matrix elements in a row or 
column are summed only the value — \ — 
iMiAii will be obtained. For the case l = i 
both matrices arc identical, and this is the 
case that was solved exactly by Anderson. It 
might be mentioned in passing that Anderson 
employs the symbol m/2 for Mi and 2a)|) for 
A„, and as a result some of his summations are 
in steps of two. For / = i the eigenvalue 
matrix for Anderson's case (a) is 


5i 


(0, 

to,. 

CO,. 


CO,. 

(0, •( ^/f„ 

- A y 

S 

5 

5 


5 

w, 

h 

(0,. 

(0, 

to,. 


CO,. 

T 

— (0,. F y /)« A 

s’ 

's 

T 


5 

OJ,. 

U), 

/ 

(O,. 

to,. 


CO,. 

T 

T 

(0,. t 

^ ‘5 

5 


J 

w, 

w,. 

(O, 

i 

to,. 


(0,, 

“s 

y 

T 

~(o, —-^A,, 

T 


J 

w, 

(o,. 

0), 

(0, 



(O,. 


5 

S 

y 

— (!>,. —^/4||— A 


T 

<0,. 

(O, 

(Or 

(0, 

CO,. 


5/ 






~0),. 


S S 

while that for Anderson's case (b) is 

T 

S 

T 

2 ' 

w,. .“i. 

to, 

CO,. 

A T 

3 

0 

<o,. 

0 

0 


0 

T 

—(0,. "F A 

1 

0 

0 


0 

0 

(Or 

y 

+ :^An- A 

to,. 

t 

0 


0 

0 

0 

2 

i 

-to,. /I li- 

COr 

^ y 


0 

0 

0 

0 

eu,. 

2 

3/ 

-(o,.-—A,i-\ 

CO,. 

OJp 

CO,. 

2 

5i 

0 

0 

0 

0 

y 


~Y 


( 2 ) 


( 3 ) 
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The corresponding matrices for other values 
of / are easily written down. 


3. THE POLYNOMIAL EQUATIONS 

To solve the exchange narrowing problem 
one may either diagonalize the matrix 
directly, or equate the determinant of the 
matrix to zero and find the roots K of the 
resulting (2/+l)-th order polynomial equa- 
tion. Each procedure was carried out on a 
computer, and answers obtained by these 
two methods were compared to check the 
accuracy of the calculations. Additional 
checks were obtained by the use of the 
perturbation formulae to be presented below. 

The first step in solving the matrix equations 
consists in casting them in a symmetrical, 
dimensionless form. The appropriate changes 
of variable for case (a) with / = 5 are 


5 / 5i 

S = — — ca,.— K -l- -tA 
cu,\ - 

5/ 3/ \ 


U 


— + 6 
(i)e 


x = 


5/lo 


(4) 

( 3 ) 

(6) 

(7) 

( 8 ) 


where of course (7* 



etc. 

This gives the corresponding matrix 


and its equivalent polynomial equations 

SS*TT*UU*+(S + S*){rT*UU*] 

+ {T-^T*){SS*UU*)+{U+U*) 

x(SS*TT*)=0 (10) 

and 

)T“-6ITH35W'-‘A'^(iT-4) 

+ 259ITA''(IT-2) + 225A''* = 0 (11) 

The analogous expressions for case (b), 
/ = I are 


— — {—to,. — 2 a + 

CO,. 

(12) 

7 = — (~2a>,-2A+3//io) 

co^ 

(13) 

U = — (— 2to,. “ 2 a -f iAn) 

(Dp 

(14) 


(1.3) 


(16) 


(a,. 


5 10 0 0 0 

I T 1 0 0 0 

0 I t; 1 0 0 

0 0 1 ( 7 + 1 0 

0 0 0 1 7*1 

0 0 0 0 I 5* 

SS*TT*UU*-UU*(ST+T*S*-\] 


5+11 1 1 

17+11 1 

1 1 (7+1 I 

1 1 I (7*+l 

1111 
1111 


1 

1 

1 

1 

7*+l 

1 


-55*(7(7+7*(7*- 1) -55*77* 

+ [57+5*7*] + [5(7* + 5*(7]-l = 0 
1 (18) 

' (9) lf'“-21TH(3.SA''‘'-4)(E* + 4(2-.*iA'')lT-'' 

1 + (2.W*-40A'H3)lT''+2(-9A'H4A''-’-3)H' 

I +(22.'iA'®-36A'H3A'2) = 0. (19) 

5*+l The corresponding expressions for other 



1494 


H, A. FARACH, E. F. STROTHER and C. P. POOLE, JR. 


values of nuclear spin / are easily written 
down by analogy with the.se cases. 

The basic polynomial equations for the 
nuclear spins J s / s; | are listed in Tables 
1-4 for Anderson cases (a) and (b). The 
equations in Tables I and .'1 follow a certain 
sequential order in the two series / = 


I,... and /= 1,2,3,... The equations in 
Tables 2 and 4 also exhibit certain analogous 
symmetries, but to a lesser extent than those 
in Tables I and 3. Symmetries in the S,T, 

U equations allow one to write down 

those for higher values of the nuclear spin I. 

The parameters X, W, S, 7, and U in the 


iahk I. The equations obtained by mulliplyinf; out the determinant for Anderson case (a). 
The parameters X and'H are listed in Table 2 


I s T II 


F.qualion 


i -W i iX 
I n'i:/X -H' 

i W ( 3i,\' (Ffi.V 

: - tF t AiX H f :;.V 

i IF ^ 5i,V -tFt.'i/.V 


■S'.VM (.S’ I .S'M = 0 
(tF - l).V.V FtF(.V 4 .S*) =0 
I .S’.V ^ T 7 '* ) + ( ,V + .V * ) ( 7 7 * » + ( •; + r • ) 1 .S’A' • ) = 0 
-IF («' ■ i)(.s.v‘)( 7 r*i t wts + s*}iir*) f if( 7 '+ 7 ’*)(.S’.v*) - o 
-tF + .s.v * 7 / » t; (/ M ( .S’ 4 .V • ) ( 7’7 • ) ( t/ ( 7 * ) + ( 7 + r • ) 1 .ss • t; t; * ) 

I (t/+ (/•)(.S’.S’*//*) -0 


I able 2. The \\-polyn<nnial equation jar Anderson case (a) with the dimensionless 
parameters W and X defined. These equations are derived from the corresponding ones 
presented in Table 1 , where A„ = 2oji, 


/ 


IF 

F.qualion 


1 

■ 

-'C, ") " 

A 

-’/< 1 

2 (’..'Mif" ^ 2 /'.„iiF).v”'-o 


i 

2(0, 

■io 

— -f 2 

M, 

A 

(IF--: IF) t.V'-O 


\ 

i 

(0, 

2-- f 1 

A 

(tF'-Sn-ti , 4(IF l),\’^^0 


ii'w, 

y 1 4 
(0, 

))F'- 4tF') t I()(I4-- -:(F)A" fyv' - 0 



(0, 

y-i,, 

A 

4 - i 

it}, 

A 

(ir'-SMi’') i:0()F' UF-^)A”HM(IF- 

II 

O 

" 

2a,, 

.S - 4 fi 
to, 

( IF" hW’) ( ,SS) )t'i - 4H’''| A’- ( 2.S9( IF" 

- :iF)A-' + :isA''’ = o 


Table 3. The equations obtained by multiplying out the determinant for Anderson case (b). 
The parameters X and W are defined in Table 4 


Equation 



|-IF^;A’ 




.S.S* 1=0 

1 

7 

1 - IFf2i.V 

-IF 

— 

IF.S’,V+I.S + .S’*) = 0 

\-W + 2l\ 

~Ws iX 

- 

.S’.V'T’T* (.S7 +.S’*7*)- ,Vi’*+ 1 =0 

" 

l-IF + 4/,V 

-IF + 2/,V 

'IF 

IF.S’.S*7’r* - Wl.S’V +S*T*] + SS*[T+r*) 
-(.S+.V*) + lF = 0 


1-IF + S,A’ 

-IF 4 yix 

-IF + <A 

.s’.v*//’*(;t/' -s.s*{rv+T*u*-i) 

- uu*(si xs*i*~\) ~ss*Tr* + isr+s*r*] 

+ {SU* + S*U*)-\ =0 
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Table 4. The W-polynomial equation for Anderson case (h). The dimensionless parameters 
X and W are the same for each nuclear spin I. These equations were derived from the 
corresponding ones in Table 3. where An = 2ti)o 


/ 

X 


W 

Equation 





•2/U 

/ 

/l||/0),. 

2| 


2 c., 2 = o 

n °0 m ev«ii 

i 

AJiOf 

2| 

['*:,) 

W‘ -IWcX^^O 

1 

AJoif 

21 


W'-2W^cW(4X^~\) + 2 = i) 

j 

A(il<ti, 

21 


H'*-2W-'+2iV‘{5X^- \ ) + 2W(~X'‘ t 2) T9A'‘-2X'= = 0 

2 

AJ<ii, 

21 

(' 

IT'' -2 IT* 1 n''(20A™-X) + 2IT'(-4.V- + .t) + IT(MA'‘-l2A'“+l) - 2 = 0 

i 

AJbif 

21 

1 3 

IT« - 2 W- + »'•( .15 A'-' - 4 ) 4 4 If -.5 ATM 2 ) + If *( 259 AT'- 40 AT + 1 ) 

4 2n'(-9A-‘ + 4A'^-1|4 (225Ar'-.16A'*4 lAt^j =0 


equations of Tables 1-4 are dimensionless 
since they are normalized relative to the 
exchange frequency One should note that 
the IT-equation for each case may be con- 
sidered as a polynomial in W with the form 

"i'c„{X)W" = 0 ( 20 ) 


occur, and all such powers appear from the 
constant to the highest terms for 
half integral spin and X'^' for integral spin 1 ). 

When the IT-equation is written as a poly- 
nomial in X it becomes very complicated, so 
such expressions will not be written down 
here. It is more convenient to let the computer 
make this variable change. 


where the coefficients C„ are functions of X. 
These coefficients exhibit certain regularities 
such as 




=-{21 + 


1 ) 


Case (a) 


C 

c 


21 +] 

21 



Case (b) 


( 21 ) 


and all C„ are non- zero for 0 2/-f 1. 

The IT-equation may also be considered as a 
polynomial in X 

^BJW)X”>^0 ( 22 ) 


4. SOLUTIONS or THE EXCHANGE MODEL 
The eigenvalues X of the matrices (roots of 
the polynomial equations) are in general 
complex 

X=-Aa)+iP. (23a) 

The real part Ao) is the linewidth. and the 
imaginary part P is the position of the hyper- 
fine component. The roots may be labeled 
with the parameters p. where 

X^ = -Aw4+iP/ 4 (23b) 

Aw^ > 0 and P^ is positive for p > 0. 
negative for jn < 0 and vanishes for p = 0. 
The line positions P^ are symmeirical about 
the center point of the spectrum 


with the coefficients considered as 
functions of W. Only even powers of X 



( 24 ) 
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The linewidth Am = iAwira may be looked 
upon as half of the full absorption linewidth 
at half amplitude. Since wc assume infinitely 
narrow or ‘6-function' lineshapes Am^ is zero 
for all hyperfine components when /t^m^ > I 
and the observed exchange-narrowed singlet 
again becomes infinitely narrow in the very 
strong exchange limit <? 1. These 

asymptotic limits will be discussed below 
where the ranges of validity will be more 
accurately defined. Figures l-b present the 
variation of the widths and positions of the 
hyperfine components for several nuclear 
spin states using Anderson's cases (a) and 
(b), while Tables 5-7 give asymptotic and 
transition point values. The solid lines in 
these figures are the computer calculated 
results while the dotted lines show the 
limiting behavior. For ease of comparison the 
plots for half integral spins are on the left and 
the integral spins arc on (he right. In these 
figures one should note that the abscissa scale 
is mjin- l)(u,i for case (a) and wj(n-\)'‘m„ 
for case (b). where the notation m„ = ^„l2 is 
used. As shown on Figs. I and 4. the final 
hyperfine line of each spectrum collapses into 
the center in the range from J to 2 on the 
abscissa scale, so these scales arc convenient 
to use. What this means physically is that 
exchange narrowing predominates when 


<<),■> 2 {«- 1)0),, for Anderson case (a) and 
when m,.> 2(/i - I )-W(, for Anderson case (b). 
The usually accepted criterion omits the 
factor (n-l) or (n-1)^ so the exchange 
frequency a>,, deduced from a comparison of 
the Anderson theory with experimental data 
will be rather large for high values of the 
nuclear spin. This must be borne in mind 
when comparing the Anderson theory with 
other theoretical formulations of exchange 
narrowing. 

Before proceeding it will be helpful to say a 
few words about the ordinate scales. Since the 
overall hyperfine pattern covers a range of 
4lm„. it is appropriate to normalize the 
position to P/(n— Ijwo. as was done on Figs. 

I and 4. The linewidth of all hyperfine compo- 
nents except the exchange narrowed singlet 
in the center (F = 0) is approximately equal 
to the exchange frequency m,, in the two limits 
m,. > m„ and m,. tv,,. As a result it is appro- 

priate to normalize the ordinate linewidth 
scale of Figs. 2 and 7 of case (a) to Aw/(n - 1 loifl 
and the scale on Fig. 5 of case (b) to Am! 
(/i-l)''‘w„. Figure 6 of case (b) shows the 
details of the exchange narrowed singlet 
which has a width !/(/)- 1) as great as the 
broadest component, so the ordinate Acu/ 
(/i-l)(o„ is appropriate. The abscissae and 
ordinates of the other figures are less likely to 


I able A.svmptoiic values oj the nonnaUxeci line positions P/a»o = 2P/Ao /or 
weak aiulstronf! exehun^e. Cf. equations (28), (30) undOl) 
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0 12 5 


V, /%/o 

Fig. I The dependence of the magnitude of the poMlion T( solid curves) of 
various component lines on the exchange frequency a, for ctuse la) The 
ordinate |f| where fu,- l‘ V,- Both the ordinate and abscissa are 
normalized relative to (2/wi,) = {IA„). The asymptotic behavior (dashed 
curve) for w,, < 2l(o„ is also shown Fable 7 gives the exchange frequencies 
at which the lines collap.se to zero 

lead ,to confusion, so they will not be expli- in Figs. 1-6 by the solid line curves. Cases (a) 
cated until later. and (b) are identical for / = f. 

Bearing in mind the precautions noted in 
the previous paragraph, we will proceed to a (a) Anderson case (a) 
discussion of the calculated results presented The remarkable thing about the hyperfine 
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Fig 2 I he depcncente of Ihe lincwidlh Aw (solid curves) on the e\change frequency w, 
for ease (a). Both the ordinate and abseissa are normalized relative to 2/oji,. The asymptotic 
behavior (dashed curves) at large and small w, is shown. 

pattern of case (a) is how only one component della function linewidth as Uc -* For half 
is exchange narrowed. For integral spin integral spin the /Vf, = ±i lines collapse rather 
(/= 1,2) the central M, = 0 line is infinitely abruptly into the center at or somewhat below 
narrow at zero exchange, increases to a exchange rates of Wp- (n-I)t<jo, with the 
peak width of Aot ()'6(n-l)wo near transition shifting to slightly lower values of 
Wf ~ 0-7(/?- 1 )a)o, as shown on Figs. 2 and with increasing nuclear spin /, as shown on 
3, and then gradually narrows to another the left hand side of Fig. 1. The values of 
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u,/iuo 


Cose (a) 



w./Ouio 


Fig. L Detailed plot^ of the lincwidlh behavior from Fig. 2 near ihe onvel of e.xchange 

narrowing. 


at the tran.sition are li.sted in Table 7. 
The linewidths for the exchange narrowed 
component near w,. ~ (n- l)w„ for both the 
integral and half integral case are quite 
similar, as shown in Fig. 2 and the detailed 
plots of Fig. 3. The main difference is that 
the M; = 0 linewidth goes through a maximum 
value and then narrows, whereas the width of 
the /W| = ±i line stops rather abruptly at its 


peak value and splits into two components 
which form a very smooth curve as it passes 
vertically past this transformation point. The 
lower component proceeds to exchange 
narrow at (ri-l)wo. while the upper 
one broadens lo infinity. In the strongly 
exchange narrowed region only the narrow 
line is observable experimentally. 

A remarkable result characteristic of this 
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1 it! 4 I'he Ucpeiidentf of the magnitude of the poMtion /’ on the exehange frequency 
( 0 ,, for ease Ihl using the notation of I ig. I Foi each graph the position P is normalized 
lelative to 2/(u,i, while the abscissa is normalized to I able 7 gives the exchange 

frequencies at which the various components collapse to zero. 


model is the manner in which (/t — 1) compo- 
nents of an n component hyperfine pattern 
broaden to infinity beyond the transition 
near cu,,(n - 1 icu,,. Indeed the linewidth for 
w,. ^ (h-I)«o ih proportional to Wp with a 


proportionality constant close to unity, as 
shown in Table 6. The lines with / > ^ assume 
positions intermediate between the center of 
the pattern and their positions 2wi,A/, in the 
absence of exchange narrowing, as shown on 
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0 12 3 


Fig, .5, The dependence of the lincwidth ^<o (%olid curves) on the exchange frequency 
6),. for case (b) using the notation of Fig. 2 Both ordinates and abscissae are normalised 

relative to 

Fig. I and Table 5. Specific asymptotic as shown by Anderson [1], As a result all but 
relations in this region will be derived in the one hyperfine line broadens beyond detection, 
next section. While the (ri - 1 ) outer lines are and only the exchange narrowed central line is 
broadening the remaining line in the center observed, 
exchange narrows with the width 

(b) Anderson case (h) 

*) Appreciable exchange narrowing for 

Q)e 3n “■ Anderson case (b) sets in for «* > (ft- 1 )^<oo, 
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Cose (b) 




hig (i Oeliiilod plot', of the Imewidth behavior from f ig 5 near the onset of exchange 
narrowing. The abscissa is normalized to (2/)'<a,ias in Kig 5, but the ordinate is normalized 
relative to 2lw„ which differs from Fig. 5 


which means that higher values of the 
exchange frequency a>,, are needed than in 
case (a). As a result the abscissa scales of 
Figs. 4-6 are normalized by the factor 
(n-l)W Foi" spin / > I where more than 
one hyperfine line collapses to the center the 


outermost one M, = ±l does so beyond the 
point Wp/(n— 1)V)= F while the remaining 
lines at lAf,| < / fall into the center below this 
value, as Fig. 4 indicates. The lines M, = ±J 
collapse last, M, = ±(/-l) next, then M; = 
±{/ — 2), etc. Each of these transitions 
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Table 6. Asymptotic values of the normalized linewidth Aco/oip of the various hyperfine 
components for weak and strong exchange. Cf. equations (28), (33), (24), (29), (30), (25) 

and (26) 


n 


2 


3 


4 


5 


ft 


/ 




M, 


±i 


0 


< (fi 


Case (a) 

■ 1 )(i>o ^ 





m 


Case (b) 

(u,, ■« ( (I - I ) (oo u), ^ in - \ )^wa 


I I 2 



i 


I 


i 


t! 

4 


0 

2 ' -tl 

+2 


ti 

5 4 



[ i 
tft/^y 
1 3 L,/ 
j(i + v?T 

(i-v^ 

It©' 

(l + iV6 + 2V3T 

j(i + )V^:y37 
In- i V^vTT 

III -}Vft + 2VTi 

If© 

|(I+iV3) 

1 ii 



begins gradually, and then the position 
rapidly decreases to zero in the neighborhood 
of the transition point. 

As each line with \Mi\ < I reaches the 
origin it splits into two components with 
different linewidths, as shown in Fig. 5. With 
increasing w, each line broadens with a width 
Aw close to Wp. Table 6 gives the constant 
~ 1 in the expression 

Aw = Kb), (26) 

for each component in the exchange narrow- 


ing region. Il follows that for large o), these 
lines broaden beyond detection. When the 
M, = ±t lines collapse into the origin they 
split into a component which broadens 
beyond detection in accordance with equation 
(25), and another which exchange narrows in 
accordance with (n > 2) 


Aw = 


(«*- I) fwo^' 
15 Wp. 


(27) 


As Fig. 6 indicates, the linewidths slightly 
above the M, = ±l collapse point change 
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Table 7. Values oj the ratio w,./a)o at the points where 
the various hyperfine lomponenis collapse into the 
center line 





disiippeiii'iince 

n 

/ 

M, 

Case (a) 

Case Ih) 


i 


1 000 

1 .000 


1 

1" 

0 

0 

' 1 

l^-l 

— 

ft 182 


-! 1 

I'i 

2-472 

.2 081 


IT 


14-42 



c* 

0 

0 


2 


-- 

.s sox 




— 

28-01 


1 

-*.t 

2 S25 

4-48ft 




_ 

0-420 



■T 


48-22 


very rapidly with variations in kj,.. I hus for 
w, ^ (/)- 1 one outer ( = ±/ ) compo- 
nent in the spectrum is exchange narrowed 
and the other ( /i - I ) component are broadened 
beyond detection. 

5. PF.RTURHATION SOLUTIONS 
In his classic paper| l| Anderson presented 
some perturbation formulae fui the cases of 
very high ;ind very low exchange, f'or case 
(a) and = AJ2 P o),lin " I ) all of the lines 
shift, and the position and width are 


1 


T M 

A„ 

2 

[|W|J 


2 (I//) '-«> 


dotted lines und compared with the exact 
solutions for Anderson cases (a) and (b). One 
should note that the perturbation behavior is 
not indicative of the true shift of the lines near 
- 2(n- I )a>,. In fact for case (a) the 
outside lines for which |W| > i never even 
collapse to an exchange narrowed singlet, 
while in case (b) every line collapses to the 
center. The opposite impression is given by 
the perturbation expressions. 

In the limit of strong exchange, to a first 
approximation we may rewrite the W" 
equation of Tables 2 and 4 with t = 0 and 
A - - Aw. Tor case (a) the equations have the 
form 


Aw|, = 0), (29) 


W'-HW-n] =-0 ( 31 ) 


w'hile for case (b) and AJ2 J (n - 1 Y’w,. all of 
the lines except the end ones arc unshifted 


4,4,, 



\M\ = I 


Pm^-MA, 
Aw\i — 01,. 


\M\ < /. 


(30) 


where from column 3 of Table 2 

W~n~(n-\)—. (32) 

(Up 

Therefore, substituting equation (32) into 
equation (31) the asymptotic linewidth of 
the («-l) broadened hyperfine components 
are all found to have the following value, 


A(u = 



cu,„ 


In Figs. 1-6 these formulae are plotted as 


(33) 
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The width of the exchange narrowed compo- 
nent was derived by Anderson [ I ], and is 
given by equation (25). 

To obtain the position for case (a) in the 
strong exchange region, one may write for the 
five broadened lines when I = 'i 


(-!4(o+iP\ 

(34) 

= 5 +6 

\ Wp / 




= 5— 
w,. 

(35) 


using the previously derived value of Aw in 
equation (33). Since is so large it follows 
that |T| tOp. The asymptotic form of the 
IT-equation of Table 2 is 

3(-^)'-7o(-)'-F 259 = 0 (36) 

\b}J 

where we neglect W and x relative to unity. 
This has the four solutions 


ponding to equation (24) for the exchange 
narrowed line. 

A similar approach may be used in treating 
the strong exchange limit of case (b) by 
writing the IT-equation of Table 4 with x set 
equal to zero. For 1 = 1 this provides the 
polynomial 

W(W^-2W*-4W^ + m^ + 3W-6)=0 

(41) 

where from column 2 of Table 4 
2 A 

W=2 + — (42) 

(Or 

with the obvious solution W = 0, and the 
other known solution IT = 2 for the exchange 
narrowed line, where A vanishes to a first 
approximation. Therefore, the equation may 
be simplified by dividing by (IT- 2) to give 
the simple quadratic expression 

W(W~2){W*-4W‘‘ + '^)=0 (43) 


_P 

W|| 


1 

^(.35±4Vy 


(37) 


as listed in Table 5. The remaining two lines 
have the position P = 0 corresponding to the 
root If = n of equation (3 1 ), In this case the 
width comes from the next order equation 
using 


If = - 


5Aw 
+ 6 


(38) 


(Or 


in the asymptotic expression where Aw <s w^, 
and higher powers of x are neglected. This 
gives 

lfHlf'(ff-6)-F35(lf-4).v‘‘l=0 (39) 

Usingx = 5wo/wf from Table 2, we obtain 



which gives the asymptotic linewidth corres- 


which is easily solved for If The roots are 
listed in Table 6 . The exchange narrowed line, 
is treated by writing the next approximation 

W=Wr-~ (44) 

w,. 


where (fft=2 and Aw Wp, substituting it 
into the total If -equation and cancelling the 
terms in Ifo which correspond to equation 
(19). Retaining only terms in Aw/wp and = 
( 2 w„/wp)^ gives 


(^) Ifilfo-’f 24lf/ 

+ 6 If „ - 6] - [ 3-*! - 20 If,,'’ 

-40HV + 8lf„-F3] =0. 

Inserting Ifo = 2 and evaluating gives 


* 2.59 w„= 

Aw = -5 


( 46 ) 
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as shown in Table 6. This agrees with the 
general expression (26). 

The asymptotic behavior for both cases at 
large exchange frequencies is plotted on Figs. 
1-6 using dashed curves. In a couple of 
places such as the ±i lines of the I = } case on 
Fig. .5 arrows were drawn on the solid curves 
to indicate that the perturbation solution is 
too close to the exact one to be indicated 
separately. 

One should note that the perturbation 
formulae have various ranges of validity. The 
low exchange limit position and linewidth 
formulae are valid for 


tiif <? (n - 1 )ajo 

Case (a) 

(47) 

W,. (/(—I )(D,) 

Case(b) 

(48) 


while the high exchange rate position and 
linewidth expressions are applicable when 

0 ),,^ (n- l)&j,i Case (a) (49) 

<i>,. ( « - 1 1 -Wo Case(b). (50) 

All of the inequalities of case (a) contain the 
factor (/j-1), while in case (b) the .same 
factor (/) - 1 ) occurs at low exchsinge and its 
square (n-D^^ appears at high exchange. 
These inequalities may be deduced from an 
examination of Figs. 1-6. 

The ( n - I ) lines which arc broadened 
beyond detection at high exchange rates 
follow the overall behavior shown on Fig. 7. 
At intermediate exchange frequencies between 
the inequalities of equations (47-50), the 
linewidth of both cases (a) and (b) gradually 
passes from its low exchange asymptote to its 
high-exchange asymptote in the manner shown 
in Fig. 7. Sometimes the high exchange asymp- 
tote is approached from above and sometimes 
from below. Some lines exhibit a discontinuity 
at the point of collapse of the position to the 
center, but despite this the overall behavior is 
of the type shown on Fig. 7. This makes the 
asymptotic solutions particularly useful in 


deducing the overall behavior of a hyperfine 
multiplet over large variations in exchange. 

The asymptotic behavior of the / = J case 
was treated in some detail to illustrate the 
method for obtaining asymptotic solutions of 
the equations. This approach may be em- 
ployed to obtain the overall behavior of the 
hyperfine patterns for / > i without solving 
the whole problem. However, great care 
should be exercised in applying these pertur- 
bation methods to higher spin cases. 

6. DtSCUSSlON 

The exchange narrowing problem for n 
equally spaced, equally strong lines corres- 
ponding to the nuclear spins / = i, 1 , i 2 and 
i was solved for two particular cases. Case (a) 
corresponds to equal transition probability to 
all other lines of the spectrum, so it exhibits 
a transition matrix with all off-diagonal 
elements equal to w,./(n - 1). Case (b) corres- 
ponds to allowed transitions only between 
adjacent lines, so the immediate off-diagonal 
elements are w,./2 and all others are 0, For 
each case the transition probability from each 
line is w,.. It is easy to write down transition 
matrices for intermediate cases and solve 
them by the methods discussed here. To 
obtain an overall picture of exchange narrow- 
ing we have solved exactly the problem 
for high nuclear spins in these two cases. 
Andeison|l] solved the / = J case and gave 
perturbation formulae for the higher nuclear 
spins. 

Extrapolations from the perturbation 
formulae for / > ? by analogy with the 
1 = 1 exact solution are not always valid. 
For example, in case (a) the lines for \M,\ > i 
never coalesce. For / = 2, the low exchange 
perturbation formulae of case (a) for the 
Ml - ±1 lines, show a movement toward the 
spectral center of gravity, while the corres- 
ponding formula of case (b) exhibits no such 
change. Nevertheless, as Figs. I and 4 indi- 
cate, it is the case (b) lines that eventually 
merge at the center, the case (a) ones merely 
shift inward from /’ = ±2 00a)„ and then 
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Fig, 7 Illustration of the manner in which the linewidth of a broadened 
hyperfine component transforms from its linear behavior at small w, to 
Its modified linear behavior at high Wr. For the case shown /= I. 

M, - +1 . the slope is I near the origin, and it is j at large exchange 

gradually approach /’ = ±l 09w„ while they of narrowing for half integral spin also takes 
broaden beyond detection. Indeed for / = 2, place quite soon after the coalescence if the 
low exchange, and case (b) the M, = ±1 lines M, = ±k lines, and the integral spin patterns 
which exhibit no shift in first order collapse to behave similarly on the Wf/(n - Dwn scale, 
the origin faster than the M, = ±2 lines with The Anderson theory assumes a hyperfine 
the pronounced first order shift. pattern of delta function line shapes which are 

In case (b) exchange narrowing does not subject to an exchange interaction. As this 
occur until the last or M, = ±1 hyperfine interaction increases in magnitude it gradually 
pair has emerged at the center. Beyond that broadens the lines, causes them to merge into 
point the asymptotic narrowing region is a single wide resonance line of width Aw - 
approached quite rapidly. In case (a) the onset !l(«-l)w„. and then broadens most of the 
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component lines beyond detection while 
exchange narrowing the dominant component 
back to an infinity narrow line. This process is 
observable experimentally, and its details can 
be checked with the theory. 

The line broadening of the component lines 
for the hyperfine patterns with / > J is so 
pronounced below the on.set of exchange 
narrowing that the pattern collapses into a 


singlet before that point is reached. The values 
of at which resolution is lost are now 
being studied. They may be estimated from 
the value of cij,./a),) at which f-Aw of the 
outside M, = J line equals the value P+Aw of 
the adjacent line Mi = l — \ 

P, -P(.| = Aw;+Aa); 1 (51) 

since Aw is the halfwidth of the line. Beyond 



CiJg /5wo 


Fig. 8. Dependence of the overall total linewidth ^u>Tl2lai„ on the exchange rate uiflllwo 
after the collapse of the component lines to a singlet for case (a). 
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the point of merger and up to the neighbor- 
hood where exchange narrowing sets in, the 
resonance line may be assumed to have the 
overall halfwidth Awr of the outermost 
component line 

Aft)7' = P; -t- Aw/. (52) 

With the onset of exchange narrowing the 



central exchange narrowing component may 
be considered as dominant when all other 
component lines are more than five times as 
broad, to give in this region 

Aa)7 = A:^ (53) 

01r2 

where the constant K is listed in columns 5 


Cose (bl 
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and 7 of Table 6. Thus, data from several of 
the figures and tables may be employed to 
obtain the approximate linewidth behavior of 
the observed singlet from the point where the 
hyperfine structure collapses to the region of 
exchange narrowing. 

A more satisfactory procedure to obtain 
this behavior consists in assuming that each 
component line has a position given by Fig. 1 
(or 4). a width given by Fig. 2 (or 5) and a 
constant integrated area. Computer spectra 
were synthesized from Lorentzian line-shapes 
and the data of these figures. The overall 
halfwidths of the resulting singlets arc plotted 
in Figs. 8 and 9 for cases (a) and (b). The 
curves in these figures start at the point of 
coalescence of the hyperfine structure, and 
begin to approach the asymptotic linewidth 
of equation (.S3) at the highest plotted values 
of the abscissa. Structure is resolved at the 
low values of the abscissa before the beginning 
of each curve. 

Figures 8 and 9 are approximations which 
can be compared with experimental data. If 
the exchange frequency to,, is not known, it 
would be difficult to deduce which case is 
present from experimental data. The details 
of the line shape before the coalescence of the 
hyperfine pattern are quite sensitive to the 
particular case (a) or (b). The authors ;ire 
extending this study to a more exact calcula- 
tion of these spectra and figures using the 
approach of Stackl2]. It is planned to give 


various lineshape criteria for explicat- 
ing partially exchange-narrowed spectra. 
Others (16, 17] have also recently studied line 
shapes in the presence of rapid exchange. 
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MAGNETISM AND BONDING IN A D8h 
STRUCTURE; MOSSBAUER AND MAGNETIC 
INVESTIGATION OF THE SYSTEM MnsSia-Fe^Sis 

K. S. V. L. NARASIMHAN*, W. M. REIFFt, H. STEINFINK* and R. L. COLLlNSt 
The University of Texas at Austin, Austin, Texas 78712, U.S.A. 

(Received 9 June 1969) 

Abstract-The Mdssbauer spectra and magnetic measurements of the phases Mn., rFejSi,, I s x s 5, 
and MhsSi, were obtained from 4'2‘'K to above room temperature. The compounds crystallize with the 
hexagonal 08,, structure (MnsSi., type), space group P6,/mcm. The first iron atom substitutes into the 
Md) site. The second iron occupies mainly the 6f>>) site while the third iron occupies both the 6(gl 
and Md) sites of the space group. The fourth iron substitutes in such a manner that 4(d) sites are 
completely occupied by iron and only one Mn is left in 6U>). The phases Mn^FeSij and Mn,Fe,Si 3 
show antiferromagnetic behavior similar to Mn,Sij; MnFc,Si;, is ferromagnetic and displays a mag- 
netization curve similar to Fe,Si,|. The data indicate that iron in the 4(d) site can be described on the 
basis of a low spin 3d ' configuration with covalent bonding between it and the surrounding six silicon 
atoms. Covalency is assigned on the basis of the internal field value H„ =» 130 kG. The big) iron 
displays about JO per cent covalent and JO per cent metallic character. A magnetic structure for 
MnFe^Sijand FejSi, is proposed in which canting of the siiblaltice magnetizations is considered 


1. INTRODUCTION 

The MAGNETIC structures of FcisSi,., and Mn.,- 
Sij have been investigated by neutron 
diffraction techniques. Mdssbauer spectros- 
copy, and by susceptibility measurements 
[1-6], Both compounds crystallize with the 
D8s structure and FejSij is ferromagnetic 
while MnsSi;) is antiferromagnetic. The D8g 
type structure has the space group symmetry 
P6,i/mcm (193) and contains two formula 
weights of composition M^Si, (M = metal 
atom) in the unit cell. The metal ions are 
situated in two independent crystallographic 
sites designated i>(s) and 4;d) and the formula 
can be written as (M 3 )(Ma) Sis to indicate 
the respective site occupants. The crystal 
structure of MnsSi.-, was first determined by 
Amark el «/.[7] and more recently by Arons- 
son[8] and by Lander and Brown [9]. The 
environment of the metal ion in the 4(d) 
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site consists of six silicon atoms at the 
corners of a distorted octahedron. In Mn^Si., 
the six distances from Mn in 4(d) to silicon 
vary from 2-413 to 2-419 A. The distances 
between adjacent 4(dl atoms, stacked parallel 
to the c axis in the form of a linear chain is 
2-406 A. while the distances between chains 
exceeds 5 A. The Mn in the fit),') sites form 
triangles around the r axis at c = i and : = i 
and the two triangles are rotated by 60° with 
respect to each other. 

Mdssbauer data obtained on carbon stabil- 
ized samples of FesSiafl] were found to 
exhibit a hyperfine split pattern consisting 
of a set of sharp lines with an internal field 
H„= l37kG. superposed on a more diffuse 
six line pattern for which the estimated in- 
ternal field ranged from 180 to 240 kG. The 
field H„ = l37kG was assigned to iron in 
4(d) sites and it was estimated that such iron 
has a A£ = 0-35 mm/sec. The principle com- 
ponent of the electric field gradient tensor 
was assumed axially symmetric and of positive 
sign. The iron exhibiting larger internal 
fields was presumed to correspond to the 



1512 


K S. V. L. NARASIMHAN et al. 


6{g) sites of the D 8 „ structure. The same 
values of //„ for the two sites were also 
found by Shinjo and Nakamura [3]. The 
present spectra are better resolved than 
those in Ref. [3] and no spectra were presented 
in Ref. 1 1 ]. 

Several spin schemes have been proposed 
for FesSi,.,[l-3, 10] which, however, are not 
in accord with each other. The postulate 
advanced to explain the spin of atoms in the 
4(d) position of the D 8 „ structure assumes 
that they are purely metallic, even though 
they are closely surrounded by a slightly 
distorted octahedral arrangement of silicon 
atoms and as a result considerable covalent 
bonding should exist. In order to investigate 
the spin arrangements in the 4(d) and bit;) sites 
in greater detail we undertook a study of the 
phases Mnr,_j.Fej.Si:|, 0 £ x s We investi- 
gated the Mdssbauer spectra of the series 
Mn 5 _j.Fej.Si..,, I X ^ .*1, over a large range 
of temperature and in the case of Fe 5 Si., 
in the presence of an external magnetic field. 
The spectra and magnetic measurements have 
been determined systematically for all the 
members of the series in order to obtain a 
reasonable picture of the change in electronic 
and magnetic structure as a function of com- 
position. Through the Mdssbauer measure- 
ments, it has also been possible to follow the 
mode of substitution of iron for manganese 
in 4(d) and 6 (ji,') lattice sites. This is not pos- 
sible via X-ray methods as the scattering 
power of iron and manganese are not suffi- 
ciently dilierent. The mode of substitution is 
significantly related to the change in magnetic 
behavior from the antiferromagnetic Mn 5 Si:, 
to the strongly ferromagnetic Fe, 5 Si:,. 

2. EXPERIMENTAL 

Iron and manganese of 99-99 per cent 
nominal purity and silicon of 99-99 per cent 
purity were used to prepare the phases. 
Quantities of the powdered elements which 
yielded the desired stoichiometry were sealed 
into an evacuated vycor tube and heated for 
36 hr at SOOT. The reacted material was then 


placed into an alumina crucible and melted in 
an induction furnance in an argon atmos- 
phere and the molten product cooled over a 
two hour period. The phase FcsSia was 
prepared by arc melting the stoichiometric 
mixture on a water cooled hearth followed by 
sealing the arc melted button into a vycor 
tube and annealing it at 900T for 36 hr and 
then quenching it by dropping it into water. 

X-ray diffraction patterns using a diffracto- 
meter were obtained for all preparations and 
the diagrams showed lines which were due 
only to the 08^ structure with shifts in the 
'd' spacings as expected for the solid solu- 
tions. Precise lattice parameters were ob- 
tained from X-ray powder paterns of 
specimens exposed in a 114-6 mm dia. 
Straumani.s type camera, using unfiltered 
FeK radiation. A least squares refinement of 
measured 20 values yielded the lattice 
constants shown in Table 1 . 

Magnetic susceptibility measurements were 
carried out using the Faraday method and the 
procedure tind precision of measurements 
have been previously described! 1 1]. The 
magnetization measurements were done with 
a vibrating sample magnetometer of the 
Foner type [1 2]. This instrument has a re- 
producibility better than I per cent and can 
detect changes in magnetic moment of 
5 X 10 -'’e.m.u. The instrument was cali- 
brated with speetrosopically pure nickel. 

Mdssbauer spectra were obtained using a 
constant acceleration drive operated in the 
time mode. Data were accumulated in a 400 
channel analyzer. The source used was 
15 mC of Co” diffused into copper foil and 
used at room temperature. Calibrations were 
obtained using 0-00127 cm, 99-99 per cent 
iron foil. Samples consisted of finely ground 
powders suspended in a spray adhesive be- 
tween filter paper discs. Samples ranged in 
thickness from 200 to 400mg/in^ The 
spectra were fitted by least squares analysis 
assuming Lorentzian line shapes and using a 
modified National Bureau of Standards com- 
puter program] 1 3]. The reproducibility for 
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Table 1 . Magnetic and crystal parameters of Mns-jFCjSij Phases. Numbers in parentheses 

refer to standard deviations 


Phase 

Curie temp. T, 
or Neel temp. T„ 
(“K) 

Weiss temp. 

(“K) 

/Vn"" 

(Paramagnetic) 

Per metal atom in 
Bohr magnetons 

II 

Merr 

( Ferromagnetic) 

Per metal atom in 
Bohr magnetons 

I attice 

constants A 

MnsSi;, 

62 

-91 

4 05 


6-901 

4-812 






(0-006) 

(0-002) 

Mn,|FeSi:, 

99 

10.4 

4-35 


6-873 

4-782 






(0014) 

(0-002) 

MnnFeiSi., 

162 

12'4 

.3-34 


6-864 

4-780 






(0019) 

(0-004) 

MlljtCjSia 

160 

256 6 

3-44 


6-862 

4-779 






(0-(X)5) 

(0-001) 

MnFejSi., 

325 

.346 0 

.3-52 

Ml 

6-770 

4-728 






(0 014) 

(0-00.5) 

Fe,Si;i 

376 



0-S9 

6-757 

4-717 






(0021) 

(0-002) 


' "Relative error in (paramagnetic) and/ii.,„(ferromagnelic) is I -6 and 0-5 percent respectively. 


values of the isomer shifts, b, and quadrupole 
splitting, A£, obtained from mathematical 
fitting of the data was ±0-01 mm/sec. For 
magnetically split spectra, error in determina- 
tion of internal fields is estimated as ±5 kG. 

The spectrum of FeoSia in an externally 
applied field was obtained using a super- 
conducting magnet such that the applied field, 
//„, is parallel to the direction of gamma-ray 
propagation. Refrigerants used to obtain 
low temperature spectra were dry ice-iso- 
propanol slushes, liquid nitrogen and liquid 
helium. Mineral oil was used as a heat 
transfer medium for temperatures above 
room temperature. 

3. MOSSBAUER MEASUREMENTS 
(a) Mn^FeSi;) 

The phase Mn 4 FeSi:i shows the least com- 
plicated spectral behavior of the series 
Mn,-,_j.Fej.Si,.,. At room temperature. Fig. 
1(a). a symmetric quadrupole doublet with 
relatively narrow lines. Table 2, is observed. 
The small AE for this system. Table 3 
indicates a small but definite distortion of 
electronic symmetry. As the temperature is 
decreased magnetic splitting occurs. Fig. 
1(b) and 1(c), and a single six line pattern 


results at 4-2'’K. Although the peak heights of 
the spectrum at 4'2°K differ from the expected 
3:2:1: 1:2:3 ratios, the areas of the six 
peaks do indicate an essentially random dis- 
tribution of internal field directions in this 
sample. For a magnetically ordered, poly- 
crystalline sample, the relative areas of the 
six absorptions are related to the angle 6 
between the y-ray propagation direction and 
internal field directions by the equation! 14J: 

(COS-d) = ^1 + + 

li 

1=1 

where ihe A, are the respective absorption 
areas. In the present case (cos^d) = 0-27, 
while for a perfectly random orientation of 
internal field directions (cos^d>=i The 
observation of a single six line pattern at 
4-2°K and a clean' room temperature quadru- 
pole doublet leads to the conclusion that 
essentially all of the first iron to be sub- 
stituted into MnjSi;, goes preferentially into 
a single crystallographic site. 

The low value of the internal field corre- 
sponding to spectrum Uc) suggests that the 
bonding to this iron is strongly covalent. 
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l ig. I M()S!>biiiier spectrum of Mn,fcSi| at (a) 3(M)"K, 
lh)78”K..(t)4 2"K 


For example, it has been well demonstrated 
for high spin Fe''■^ that H„ decreases with 
increasing covalency and that Hn is, in fact, 
a more sensitive measure of covalency than 
the isomer shift[15, 16]. This has been found 
with both tetrahedral and octahedral stereo- 
chemistries for a variety of ligands. Com- 
parison with the values of H„ found by 
Johnson et a/.[l], and Shinjo and Nakamura 
[3], and in this work, Table 4, for Fe.,Si 3 
indicates that the iron of Mn 4 FeSi 3 is in a 
4(d) site, i.e. within a slightly distorted 
octahedral array of silicon. 

The spectrum of Mn^FeSi, at 4-2°K is 
indicative of combined quadrupole and 
magnetic hyperfine interactions [17]. In Fig. 
1(c) the center of the inner four peaks is 
shifted to lower velocity such that the differ- 
ence in splitting between lines 1 and 2 and 
lines 5 and 6 is 0 4 of the room temperature 
quadrupole splitting. The foregoing differ- 
ence is a measure of the quadrupole splitting 
[14.17] for a magnetically split spectrum 
assuming an axially symmetric electric field 
gradient. In general, the value of ^E for the 
case of combined magnetic and quadrupole 
interactions is dependent on the angle 0, 
between the internal field //„, and the principle 
component of the electric field gradient 
tensor [14, 171. In the present case, assuming 
A£ is temperature independent, a ratio of 
A£:(4-2'‘K)/A£:(300'’K) = 0-4 leads to a cal- 
culated angle 0 = 63°. Landet etal.{A\, 


Table 2. Line widihx < 1')'“’ 


Compound 

Temp.(°K) 

I'l 

Ir 

1'. 

f 4 

W 

In 

Mn,t eSi.i 

.KX) 

O^O 

0-44 






l')5 

0-.36 

0 42 






7K 

(1-39 

0-57 

(Ml 

0-W) 

0-50 

0-49 


4-2 

0-.39 

0-56 

(HI 

()■.57 

0-49 

0-51 

Mn.itCzSi., 

4(K) 

0-30 

0-36 

O-th 

0 ,38 




7S 

029 

0-75 

0-57 

0 32 

0-81 

0-70 


3(1 

0-51 

0-71 

0-74 

0-47 

OM 

0-65 

Mn^hCiSi 1 

300 

030 

0-32 

()-27 

0-35 




195 

0-28 

0-29 

0-25 

0-34 



Mnl-CjS!., 

470 

0 32 

033 

0-29 

0-36 




420 

(I- 32 

0-34 

0-29 

0-.35 




‘"'All line widths in mm/sec relative to iron foil for which (!’) observed -- 0-27 mm/sec. 
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Table 3. Mossbauer data'^"^ 


Temp. Isomer shift (8) Quadrupole splitting (A£) 


C ompound 

UK) 

4W)(1.3)“ 

W/if)<2,4)* 

4((/l(l,3)* 

6(g)(2.4) 

Mn^FeSin 

3(K) 

021 


0-60 



195 

0-28 


0-59 



4-2 

0-25 


0-24 


MnaFeiSi.i 

400 

014 

0-38 

0-56 

0-55 


300 

0-21 

0-40 

0-48 

0-56 


195 

0 29 

0-44 

0-51 

0-.58 

Mn.jFejSij 

300 

019 

0-43 

0-54 

0-55 


195 

0 24 

0-45 

0-47 

0 48 

MnFejSij 

470 

Oil 

0-33 

0-50 

0 63 


420 

0 14 

0-37 

0-50 

0 64 


300 

0-23 

0-36 

0-51 

0-61 


'"’All data in mm/sec relative to natural iron foil. 
“Identification of sites, enumerated on spectra. 


Table 4. Internal fields'“^ 


Compound 

Temp. 

(“K) 

4(d) 

9(x) 

Mn,,FeSi, 

78 

97 



4-2 

128 


Mn.iFeaSi.-i 

78 

101 



4-2 

III 



3-0 

123 


Mn,FeiSi,i 

78 

123 

187 


4-2 

1.37 

228 

MnFe,Si'i 

19.5 

116 

177 


78 

1.32 

209 


4-2 

1.39 

226 

Fe,,Si., 

300 

91 

168 


78 

123 

228 


4-2 

132 

243 


' ’’All fields in kilo-Gauss relative to iron 
foil for which the internal field at 3(I0°K is 
taken as 330 ± 3 kG 1221. 


determined a value of 90° for this angle from 
a neutron diffraction study of the isomorphous 
MnjSia phase. In light of the assumptions 
made, 0 = 63° is a reasonable value for 
MOjFeSi,. This value of 0. with a shift of the 
center of the inner four lines of Mn^FeSi., 
toward negative velocity, indicates is 
negative at a 4{d} site. Johnson, et a/.[ll 
assigned a positive value to F„ for 4{d) sites 
in FejSi;, and this may have resulted from 
assuming 0 = 0° for 4{d} iron of FesSij. 
However this angle is difficult to determine 


with any certainty from the complex spectrum 
of FcsSig. Using a point charge model and 
interatomic angles and distances based on 
the parameters of the isomorphous MnsSij 
[8], a negative is calculated for 4{d) 
sites. This can only be taken as qualitative 
theoretical support for the results of this 
investigation since covalency and tr bonding 
effects are undoubtedly very large as indicated 
by the small value of H„. 

(b) MnaFeaSi:, 

Figures 2(a-d) show the Mossbauer behav- 
ior of Mn-iFeiSin over a wide range of tem- 
perature. From the higher temperature 
spectra, it is evident that more than one 
crystallographic type of iron is present in 
the system. On the basis of isomer shift and 
quadrupole splitting at several tempera- 
tures, Table 3, absorptions 1 and 3 of Figs. 
2(a) and 2(b) are assigned to a quadrupole 
doublet resulting from 4(d) type iron as in 
Mn^FeSij. Peak 2 and the shoulder at posi- 
tive velocity labeled 4 are assigned to another 
quadrupole doublet having a splitting of 
similar magnitude to the preceding 4{d I iron 
but a more positive isomer shift in all cases. 
In the following discussion this new doublet 
is attributed to iron in 6(g) lattice sites. The 
spectrum of MnaFejSi,., remains constant 
down to 78°K at which temperature magnetic 
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Velocity (mm/sec) 


f ig, 2, ^1o^sbllULT spectrum of MnuFejSi, at (a) 400“K. 
(bl 3l)(rK,(cl7S°K,(ill 3 O' K. 

splitting is noticeable. The general shape of 
this spectrum is reminiscent of that of 
Mn^FeSl, at 78°K except for the two very 
intense peaks labeled 3 and 4. The spectrum 
at 4'2°K is essentially the same as that shown 


in Fig. 2(d) for 3-0°K, i.e. only one type of 
iron appears to be significantly split by 
magnetic hyperfine interaction and the magni- 
tude of /y„, Table 4, indicates this to be 4(d) 
iron. 

The neutron diffraction study of Lander, 
et al. indicates that two of the 6(g) sites of 
Mnr,Si;i are not magnetically ordered [4] 
although crystallographically all 6(g) sites 
are equivalent. Hence, a possible explanation 
for the absence of noticeable splitting of the 
inner lines 3 and 4 of MnaFejSi;, is that a 
large fraction of the second iron preferentially 
occupies the magnetically random 6(g) 
sites. Such preferential occupation is difficult 
to explain along the usual lines of different 
crystal field stabilization energies of the sites 
involved. I'he exact electronic configurations 
for 4(d) and 6(g) sites are not known and the 
6(g) coordination environment is rather com- 
plex. On the other hand, the entropy of the 
system is expected to increase with filling of 
6(g) as well as 4(d) sites. This suggests that 
6(g) sites are only slightly higher in energy 
than 4(d) in Mn 4 FeSi.| and Mn 3 Fe.>Si;, phases. 

We next consider the relative occupation 
factors for different sites. The unknown / 
factors (recoil free fractions) [1 7] and their 
temperature dependence prevent an exact 
analysis. However, the analysis at high and 
low temperature would be expected to differ 
significantly if the /values differ appreciably. 
A least squares fit to the spectrum of Mn;|Fe.,- 
Si;, at 4()0°K indicates peak 2 and shoulder 4 
to correspond to 38 per cent of the total area 
or therefore 0.76 iron atoms in 6(g) sites. 
From a similar fit to the spectrum of IVIn;,Fe 2 - 
Si:, at 3-0°K the intense absorptions 3 and 4 
correspond to 42 per cent of the total absorp- 
tion area. This includes the inner peaks of 
magnetically split 4(d) iron. If saturation 
effects are neglected, then the 6(g) iron 
accounts for 3 1 per cent of the total absorption 
area. i.e. 0'62 6(g) iron atoms. However, 
saturation is not negligible since peaks 3 and 4 
of Mn^FeSij correspond to 25 per cent of the 
total area for spectrum 1(c ). Using this factor 
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to account for A(d) intensity in peaks 3 and 4 
of Fig. 2(d), 6 (;') absorption corresponds to 
25 per cent of the total absorption area, i.e. 
0'50 6 (^) iron atoms. This is a reasonable 
lower bound on the amount of bit;) iron 
present. Possibly, all of the 6 (^) absorption 
area of MnaFejSi,, at 3-0°K is not confined to 
the more intense central peaks as evidenced 
by the broadness (Table 2) of the peaks of 
spectrum 2{d) in Fig. 2. However, the approxi- 
mate agreement of the percentage of total 
area corresponding to 61^) iron for 400“K 
and 3°K indicates that a significant fraction 
(between j-f) of the second iron goes into 
6 (g) sites on formation of MmiFejSia. 

(c) Mn^FegSia 

The Mossbauer spectrum at 300°K, Fig. 
3(a), shows the same general pattern of four 
lines as in MnaFeaSig although the increased 
6 (g) content leads to a better resolved 
spectrum. As for Mn.iFejSi;,, lines 1 and 3 
correspond to quadrupole split 4(d} iron 
while 2 and 4 represent similarly split 6 (g) 
iron atoms. A least squares computer fit 
indicates that the spectra at 300°K and 
195°K can be reconstructed from separate 
peaks as shown in Fig. 3(b) for the spectrum 
at 300°K where the area ratio 
(A 2 +/I 4 ) is 1.1. This implies that occupation 
of 4(d) and 6 (g) sites is nearly equal for 
MagFegSig. 

On decreasing the temperature, the system 
clearly shows two separate hyperfine patterns 
where the more diffuse pattern corresponding 
to a larger internal field is assigned to iron in 
6 (g) sites. It is reasonable to conclude that 
magnetically split 6 (g) sites of IVfn. 2 Fe:,Si;i are 
now being occupied. 

(d) MnFe^Sig 

A similar situation occurs in this phase 
except that the initial broadening effects of 
magnetic hyperfine splitting are evident 
even at room temperature. Comparison shows 
that the spectrum. Fig. 4(b), is very similar 
to that of MnjFegSi., at 300°K except that 
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Fig. ,1. Mris.sbauer spectrum of MnjFejSia at (a) .tOO°K. 
(b) computer reconstructed spectrum at J0()°K in terms 
of 4(4) and 6(v) absorptions, (c) TS'K. (d) 4-2°K. 


peaks I and 2 of the latter compound have co- 
alesced into one broad intense peak in MnFe^- 
Si;, at room temperature. Increasing the 
temperature to 420°K results in rapid fluctua- 
tion of internal magnetic fields causing line 4 
in the spectrum of MnFe 4 Sig to narrow while 
the sloping baseline at positive velocity 
disappears. Similar behavior occurs for the 
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Fig. 4, MiK-isbidier !.peclrum of MnFe,Si-, at (al 470''K. 
(bl 3{K)"K, (Cl I95°K, (dl IKK. (cl4-2''K 

broad absorption at negative velocity, and at 
470°K. Fig. 4(a), a shoulder corresponding to 
peak I of 4{d) iron is evident. The best fit to 
the latter spectrum shows {Ai+Ai)l{A 2 +A 4 )= 
0'95. or nearly equal occupation of 4(d ) and 
6(g) sites as in MnaFeaSi.-). 


It is well known that for quadrupole split 
iron showing magnetic hyperfine splitting the 
|i, ±f) -V |i, ±i) transitions narrow more 
slowly than |i ±4) -♦ |^, ±i) transitions on 
going from a 6 line pattern to a quadrupole 
doublet [18]. The kets are the magnetic 
sublevels of the excited and ground nuclear 
energy states of ”Fe. With increasing tem- 
perature. the magnetic splitting can disappear 
and leave only a quadrupole doublet. Hence 
the behavior of MnFe^Si.-) with increasing 
temperature is taken as tentatively indicating 
Fjj < 0 for 4(d) iron and F„ > 0 for 6(g) 
iron. 

With decreasing temperature the phase 
MnFe 4 Sia behaves in much the same way as 
MnsFcriSi.., except that magnetic interaction is 
now stronger and essentially complete hyper- 
fine splitting occurs at higher temperatures. A 
comparison of the internal fields at different 
temperatures, Table 4, shows this trend of 
increasing ferromagnetic interaction with 
increasing number of iron atoms. 

(e) Fe.r,Si:i 

The Mossbauer spectrum of Fe^Si.T at 300°K 
has the same general appearance as that shown 
in Fig. .‘i(a) at 4-2°K. The internal fields 
corresponding to 4(d) and 6(g) iron of Mnj- 
Fe,,Si:, and MnFe^Sin are calculated on the 
basis of two overlapping six line patterns as 
shown for Fe,-,Si;i at 4-2°K, where the lower 
pattern in Fig. 5(a) is that for 4(d) iron and 
the middle pattern for 6(g). It is evident 
that there is more uncertainty in the estimation 
of H„ for 6(g) iron than 4(d). This is in part 
attributable to the fact that the 6(g) sites are 
not all magnetically equivalent. For example, 
in Fe.,Si.„ fields corresponding to 6(g) iron 
range from about 190 to 240 kG. Johnson 
el made a similar observation for car- 
bon stabilized FesSij. Secondly, absorptions 
(dashed lines) attributable to Fe^Si impurity 
are also present. This complicating feature 
was also found in the spectrum of Fe.,Si 3 by 
Shinjo and Nakamura[3], who determined 
internal fields of 195 ±10 and 305±10kG 
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a 


b 


Velocity mm/sec 

f ig. 5, Mdssbaucr spectrum of He,Si, at (a) 4-2°K. = 0, 

(b)4-2'’K.W ,„ = 26kG. 


for the two types of iron in Fe^Si and which 
agree with those found here. Hence, in Table 
4 only the maximum value of H„ for 6 (j 2 ) iron 
at each temperature is reported. 

In an effort to understand better the nature 
of magnetic ordering in Fer.Si;,, spectra were 
taken in external magnetic fields. A small 
field of the order of 1000 G had no effect on 
the spectrum at 4'2°K. A large field, 26 kG, 
caused a small decrease in the internal fields 
of both kinds of iron and although the signal 
to noise ratio is now lower, H„ for 4(</) iron 
is estimated as 122± lOkG while the maxi- 
mum value for 6 (g) is 227 ± 10 kG. The de- 
crease in the respective internal fields is 
somewhat smaller than that expected if the 
system were a perfect ferromagnet with 
internal fields parallel. The system is mag- 
netically saturated at this applied field and 
temperature, Fig. 7, and on this basis it is 
possible to make a crude calculation of the 


angle between the internal fields from their 
observed decrease in an external field, assum- 
ing the resultant of the internal fields is 
collinear with the applied field. In the present 
case, this amounts to maximum angle of about 
1 12°. Therefore it is assumed that the spins of 
the corresponding magnetic sublattices are 
canted at a maximum by approximately this 
angle. This result must be taken as approxi- 
mate since the decreases in H„ are small and 
difficult to estimate accurately from the spec- 
trum. Furthermore, it is seen that the intensi- 
ties of the spectral absorptions change in a 
complicated way which is not readily correl- 
ated with the observed decreases in internal 
fields, 

4. MAGNETIC MEASUREMENTS 
The inverse magnetic susceptibilities of 
these compounds above their transition 
temperatures are shown as function of tern- 
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perature in Fig. 6. MnnSi.i exhibits typical 
antiferromagnetic behavior as expected and 
the Neel temperature, 62°K, agrees with 
previously reported values [4, 19], The varia- 
tion in the susceptibility as iron is introduced 
into the structure reflects the decreasing 
antiferromagnetic influence and the con- 
comitant increase of ferromagnetic spin 
arrangements as the iron concentration 
increases. The transition temperatures also 
increase as the FesSi-, end member is ap- 
proached. The high temperature data for 
Fe.-,Si;i is not shown because this phase is 
unstable [20]. Table 1 summarizes the data 
from the magnetic measurements. In Fig. 7 
are shown the magnetization curves for these 
materials. For Mn,, j-Fe^Si.,. 1, 2. the 
curves reflect the antiferromagnetic behavior 
and for x = 4. 5 ferromagnetism is clearly 
evident. Flowever, for ,r = 3 an intermediate 
stale of magnetization can be inferred. 


5. MA(;\ETIC STRUCTURE 
The behavior of the susceptibility of the 
solid solution phases can be understood on 
the basis of the spin structures for the end 
members, MnsSis and FesSi.,. The Mossbauer 
data show that the substitution of the first 
iron atom for manganese occurs in the 4(d) 
position. The susceptibility and magnetiza- 
tion curves for (Mn;,)(MnFe)Si 3 indicate that 
the spin structure of this compound is only 
very slightly affected by the introduction of 
the iron atom and the effect is mainly mani- 
fested by an increase of the Neel and Weiss 
temperatures. The Mossbauer data for the 
phase MnuFeoSi;, show that the second iron 
atom occupies mainly the 6(g) position in 
the structure and an approximate formula 
indicating the probable distribution is 
(Mnj...,,.iFei,.,i,,)(Mn,|,|i-,Fe|,:i 5 )Si;,. The magnetiza- 
tion for this phase. Fig. 7. is nearly unchanged 
from that of Mn^FeSin and the implication 
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I ig. 6. (a) 1/^ vs. 7 as a runction of increasing iron tonceniralion in the 
Mnr,Si 3 -Fe 5 Si 3 system. 
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Fig. 6{h), 1/;^ vs, T for Mn^FejS);, and MnFejSi;|. The magneli/alion vs. I for the 
latter compound is also shown. 


must be drawn that the spin structure of this 
phase remains essentially unaltered except 
for a ftirther increase in the Neel and Weiss 
temperatures. However, the susceptibility 
curve. Fig. 6(a), shows evidence of ferro- 
magnetic interaction from the change in slope 
at about ."tSO^K. This could be due to a pre- 
dominant ferromagnetic interaction of the 
iron atoms in the 4(t^l sublattice. The overall 
antiferromagnetic behavior becomes dominant 
at about 200°K. 

Mdssbauer data obtained for Mn.jFe,.,Si, 
can be interpreted on the basis that most of 
the third iron atom occupies a ()()/) position 
but with a definite increase of iron present in 
4{d) sites. Thus a probable formulation is 
(Mnj.sFei.sKMnd.jFei.jlSi.,. The magnetic 
behavior exhibited by this phase indicates that 
its spin structure must be quite different from 
the previous compositions. The Mossbauer 
spectra are consistent with magnetically 
ordered 6(g) sites. The susceptibility and 
magnetization curves for this material definite- 


ly show the presence of ferromagnetic inter- 
actions with a sharp increase in the Weiss 
constant. The abrupt change in the transition 
temperature also supports this view of the spin 
structure. We attempted to obtain the ferro- 
magnetic component of the magnetization, 
(r„, from an extrapolation of the high field part 
of the (7 vs. H curve on the assumption that 
the magnetization can be expres.sed as w = 
where x 's the antiferromagnelic 
susceptibility. The curve does not show a 
large degree of honzontal character at the 
fields available to us so that an extrapolation 
is expected to yield a low value of (r,i- A value 
of 0-09 per metal atom is obtained from the 
extrapolation of the high field portion of the 
curve. A moment of 0-26 ijl„ per metal atom is 
calculated on the basis of the following as- 
sumptions: (a) Iron contributes 1 fin per atom 
1 1 ] and manganese contributes 0-4 per atom 
[4] in the 4(d) site and the iron and manganese 
spins are oppositely aligned. The resultant 
moment for the 4(d) sublattice is (bl 
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I ig. 7 Magneli/ation vs. magnetic field intensity for the system 
Mor. ,1 erSi,. 0 s jr s; S. 


The magnetic structure of the 6(el sublatticc 
retains the antiferromagnetic arrangement as 
in Mn:,Si;il41. Thus the total moment for 
(Mn|.,Fe, ..KMno.-.Fe, jiSi., is 1'3 or 0'26/i„ 
per metal atom. Since the material is not suffi- 
ciently saturated only a qualitative support 
for this spin scheme is to be expected. 

As indicated by the Mossbauer data, the 
introduction of the fourth iron atom to form 
the pha.se (Mnl CoXHejISi:, places two iron 
atoms into the 6(e) and two into the 4(r/) 
po.silions and clearly ferromagnetic coupling 
among the atoms exist now in both sub- 
lattices. The behavior of the susceptibility 
and magnetization curves. Figs. 6, 7. is 
typical for a ferromagnetic compound. The 
magnetization curve for i e,,Si;, is included 
for the sake of completeness. Powdered 
samples of MnFe.iSi;, and FejSi;, were oriented 
in a magnetic field of about l4kG and their 
X-ray diffraction patterns showed a strong 
enhancement of the 00/ and a nearly complete 
disappearance of h/i/ lines indicating that the 
easy axis of magnetization is the c axis. 

The difference in the permanent moments 
observed for FejSin and MnFe 4 Si 3 , Table 1, 
is significant. It can be explained on the 
basis that the ferromagnetic moment of one 
sublattice is canted with respect to the other 
and that the cant angle is a function of the 


composition. It was previously pointed out 
that the Mossbauer data are consistent with 
a maximum cant angle of about 112° for 
Fe,r,Si,.,. The value Ml /a;j/metal atom for 
the observed moment in (MnFe 2 )(Fe.)Si,.j 
can be accounted for on the basis that the 
atoms in the sublattices have parallel spin 
alignments, the sublattices are coupled 
parallel, and manganese occupies the mag- 
netically random 6(g) positions. Using the 
values of I /u„ for 4(z/ 1 iron and 1 -55 fin for 
6tg)[lJ iron the calculated moment is I -02 
/i(, /metal atom. It must be realized that such 
good agreement may be fortuitous but both 
the Mossbauer and magnetic data lend 
credence to this magnetic structure. The 
same magnetic structure for FcsSi^, i.e. 
random magnetic sites in 6(g), would again 
give rise to an expected moment of 1 -02 fin 
as compared to the observed value of 0-9 /z/j. 
However, a cant angle of 120° between the 
sublattices will produce a resultant moment 
of 0-9 fill. The required cant angle is close 
to the maximum value deduced from the 
Mossbauer spectrum of FcsSia in an external 
field. Evidence for random spin in some of 
the 6(g) sites comes from the range of internal 
fields observed for 6(g) iron in FcsSia in the 
present investigation and also that of Johnson 
et a/.Il]. Lander et fl/.[4J remarked that it 
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is difficult to understand why the 6(^) sites 
are divided into two magnetically non 
equivalent groups one of which is random 
in MnsSij. This difficulty still exists in the 
case of MnFe 4 Si 3 and FejSia. Perhaps the 
‘randomness’ of the spin structure is due to 
a third sublattice for which the periodicity 
extends over many crystallographic unit 
cells. This could also account for the con- 
siderable range of hyperfine field values which 
are observed, 

6. BONDING IN D8, STRUCTURE 
The bonding between an atom in the 4{d) 
site and surrounding silicon atoms is expected 
to be primarily covalent and the measured 
hyperfine field value confirms this expecta- 
tion. Thus, it is reasonable to postulate that 
the low spin configuration is assumed by the 
metal atoms [2 1 1. If Fe is considered to have 
contributed three of its electrons to the con- 
duction band then the resultant low spin 
3tP configuration would contain one un- 
paired electron and give rise to a moment of 
1 ixb in agreement with the reported value 
for that position by Johnson, et «/.[!]. It 
should be noted that the observed isomer 
shift. Table 3, for 4(d) iron is consistent with 
a low spin configuration [23]. The dis- 

cussion of the electronic configuration for the 
occupant of the 6(,!;) site is considerably more 
complicated because of the very complex 
near neighbor environment. The metal atom 
is bonded to five Si forming a trigonal bi- 
pyramid. The metal atom itself is outside this 
polyhedron. The covalent bonding to Si can 
be considered to impart a low spin, (/*, 
configuration, i.e. 1 (Ub contribution to the 
observed moment. In addition there are ten 
other metal atoms nearby, six 6(g) atoms at 
distances varying from 2-S2A to 2-87/4 and 
four 4(d) atoms at 2-95/4. If one considers 
metallic type bonding to exist among these 
and assumes that the resultant contribution 
to the magnetic moment will be as in a iron, 
namely 2-2 /ib, then an approximate 50-50 
mixture of metallic and covalent bonding 


could account for the observed moment of 
1-55 ijlb for an atom in the 6(g) site. 

The explanations offered by Kanematsu 
[10] and by Lecocq, etal.[2] for the mag- 
netic moment observed in Fe^Sia rests on 
the assumption that the iron atom in the 4(d) 
site is purely metallic and that covalent 
bonding exists between iron in 6(g) and 
silicon. Kanematsu’s theory assigns 2 fig to 
the 4(d) site and 1 fig to the 6(g) site iron 
atom and he calculates a resultant moment 
per atom of 1 -4 fig. We believe that the assign- 
ment of the moments in the sublatticcs and 
the assumption of parallel coupling is not 
supported by our results. Similarly Lecocq 
et al. assign a moment of 2-2 fig to the 4(d) 
Fe as in a iron and a moment of 0-606 /ia 
to 6(g) Fe by analogy with nickel and obtain 
a calculated moment of 1-243 figlFt atom for 
FcsSi;,, still in rather poor agreement with the 
measured value. 
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Abstract- Using elasticity theory one can describe the lattice distortion due to the // center in KBr 
by the following stress tensor 

/ 7-9 -0-7 0 \ 

/> = |-0-7 7-9 0 lx 10 erg. 

\ 0 0 -4-4/ 

The distortion field around an // center is evaluated. I'hc clastic interaclion between two W centers 
and between an/f center and its anticenter, the/- center, is discussed. 


I, INTRODUCTION 

The distortion of a crystal lattice due to a 
point defect can be described in terms of 
elastic multipoles[l-4]. Actual experimental 
determination of the parameters necessary 
to fully describe a defect in this way has 
been limited to a few favorable cases of 
impurities [4-9] or simple isotropic defects 
110 ], 

Low temperature X-irradiation of alkali 
halides produces various types of defects in 
these materials[l I]. The defects are of the 
Frenkel type [12]. Among others the well- 
known F center is produced, together with 
the N center as an anticenter. What follows 
deals with the H center in KBr. The atomic 
structure of the // center has been studied 
extensively by optical and resonance tech- 
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niques[13]. The H center can be described 
as a Btj" molecule sitting on an anion site 
in the KBr lattice (see Fig. I) with its axis 
parallel to a [110] direction. Thus it is a 
crowdion type of interstitial defect. One 
expects the distortion field around such a 
defect to be anisotropic. Recently two 
independent experiments have been reported 
[14-16] which, combined, allow the descrip- 
tion of the // center as an elastic multipole. 

Using the experimental data we evaluate 
the value of the tensor which describes the 
distortion due to this defect and extrapolate 
these results to calculate the elastic displace- 
ments of the neighboring lattice atoms. 
We also estimate the elastic interaction 
between two H centers and between an H 
center and an F center. 

2. ELASTICITY THEORY 

Following Kr6ner[2], we describe the H 
center by a double force tensor P. The defect 
is replaced by a set of body forces acting 
on the medium. As a consequence, the intro- 
duction of a random distribution of such 
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I'lK I Miidcl (il'lhc // ccnltfi in KBr 


defccls will change the dimensions of a 
crystal. A concentration c of defects in a finite 
crystal gives a relative change of the volume 
ill 


C„ = 0'428X 10‘2 dyn/cm^ 

C ,2 = 0’055 X 10'2 dyn/cm' 

C,^ = 0-0505 X I0'2 dyn/cm^ 
c =0-179x lO^'dyn/cm^ 

we obtain 

trace P = 1 1 -4 x 10'’^ erg. (3) 

Elastic multipoles can be influenced by 
an external elastic field. The interaction energy 
with a stress field e is 

£„u = -P.£. (4) 

The energy levels of the defect in the perfect 
crystal have orientational degeneracy. By 
applying a uniaxial stress one can partially 
remove this degeneracy. At appropriate 
temperatures the defects reorient, thereby 
making the crystal dichroic. Bachmann 
i’t «/.(15] measured the anisotropy of the 
tensor P. They define a tensor P' = P-(trace 
P/3 land obtain for P' 


Af'/E” c(traceP)/(3C',. (f'/ 8 ). where (I) /+4-8 \ 

P'= -8-2 Xl0-'‘‘erg. (5) 

C\ is the bulk modulus and a is the lattice \ +.T4y 

constant = 6 .59 A. Eor a cubic crystal the 

bulk modulus is: Combining equations (3) and (5). we get the 

actual tensor P 


r,= (C,, + 2r„i/3. (2) 

Equation (I) permits the determination of 
the trace of the tensor P if one measures the 
volume change produced by a known con- 
centration of the defects. Balzer et a/.[14, 15] 
have measured the macroscopic volume 
change and the change in lattice parameter 
of KBr crystals in which a known concentra- 
tion of defects have been introduced and 
subsequently annealed. The concentration 
of the defects has been determined from 
optical absorption measurements. They ob- 
tained a volume change per H center (A C/T)/ 
cj, = 0-6±0-2[l5]. Using the low tem- 
perature elastic constants of KBr[5] 




10 erg. 


( 6 ) 


The principal axes of the tensor P are 
the principal axes 17 , { of the center, as 
shown in Fig. 1. A proper transformation of 
axes gives P in the usual crystal coordinates 
x,y,z 

( 7-9 -0-7 0 \ 

P= -0-7 7-9 0 X 10-'“ erg, (7) 

\ 0 0 -4-4/ 


3. ELASTIC DISTORTION FIELD 
Knowing the tensor P, we are able to 
calculate the elastic distortions around the 
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defect. Shuey and Beyeler[4] have done this 
in a general way. They expand the elastic 
field created by a defect in terms of spherical 
harmonics. As it seems to be impossible to 
give an exact solution for a cubic medium 
they use only as many harmonics as they used 
in their exact solution for an isotropic medium. 
The distortion field for the unit double force 
tensor is represented by three terms. The 
invariant cubic field is 


' ^}Cu + 2Cv^ + 4C^,r■‘ 

(Symmetry 1’,), 
a doublet: 


defined by 


J:i + yj + ^k 2zk~xi-yj 

V^r 2V2^r 

n, = ^,yjl[z{2z^~2x^-if)k + 

+ i4z^-x^-y^}{xi+yj}], 


Vkv = 



y:i 
*22 .S’ 


+ x(4y“ - j + 5 xyz k] 


u.-, = I 


_1 l_ 

\QK^r^ 


■47C„ + 16C„ + 74C,,.„ 

Vi; 


9(3C|, + 4C,2 + C 4 j 
VZtt 




(9) 


(Symmetry F;,) M = 0, 2c, 
and a triplet; 


U5= 2 




r i37Ci,+52C|2 + 230C,4 .„ 


3 VTtt 


' 2.W 


x, y, z are the coordinates and r the distance 
from the origin of the lattice site. 

To obtain the actual distortion fields one 
has to multiply the unit components given 
in equations ( 8 - 10 ) by the components of 
the tensor P. The total distortion of a lattice 
point is the sum of the three distortions. To do 
so we have to write the tensor P in the same 
spherical notation used for the vector 
harmonics. 


Ps = UPs. + P,, + P,,) 


3(8C|| + 13C|2 + 5C4J^^^ 


( 10 ) 


= 3-8 X 10“'^ erg. 

P„= 1/V6(2P„-P..-P„„) 


(Symmetry 1 ’^) M = Ic, Is, 2s. 

In equations (8-10) C„, C, 2 , C .,4 are the 
cubic elastic constants given before. K, and 
/fs are abbreviations for the following 
combinations of theC’s. 

/f:.= 2’s[(47Cn+16C42 + 74C.H) 

(3C,. - Cn + C«) - V" (3C„ + 4C.2 + C„V] 

/C5 = i^[(1.37C„+52C,2 + 23044) 

(Cn + C,2 + 5 C 44 ) - f (8C., + 13C,2 + 5C44)'0- 
Yoo, Y 2 M and Yjm are the vector harmonics as 


= - lO Ox 10''^ erg 

f.,, = V2P^„ = -0-99 X 10-*’= erg. 

The displacements of several lattice points 
are given in Table I and Fig. 2. The largest 
expansion of the lattice occurs in [ 110 ] direc- 
tion perpendicular to the molecular axis of 
the H center. The lattice is also expanded 
parallel to the molecular axis whereas it is 
contracted in the third dinectionlOOl]. 

This calculation of lattice distortion is 
formally exact only at large distances from the 
defect due to the use of elasticity theory and 
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Table ]. Displacements of the neighbors 
of an H center in KBr. The internuclear 
axis of the H center is parallel to [1 10]. 
Unit distance is the nearest neighbor 
spacing a/2 = 3-295 A 


Lattice site Displacement 


(1,0,0) (t0l08.-0-0072.n) 

(0,0,1) (0,0,0137) 

(1,1,01 ( + 0'028, 3 0-028.0) 

(l.'l.OI ( + 0 048,-0'048.0) 

(1,0,1) ( + 0045, 0'0025. -0-029) 

(1.1.1) (+0-0048, +0 0048, -0-0050) 

(1.1.1) ( + 0-013. 0-01,3.3 0-0002) 


I'.'IUI llio) 



li'O'l 

t 



L ig 2 Llasiic displaeemcrl iil ams in a |00l I and a 1 1 10) 
plane siimiunding an // center in KBr (Displacement 
magnilieation 4.v) 


to the neglect of higher harmonics in the field 
expansion. However it is expected to give an 
order of magnitude estimate even for the 
nearest neighbors. Only an atomistic calcula- 
tion of the defect neighborhood could give 
eventually more accurate results in this region. 
(Dienes et n/.[16] have made such a cal- 
culation for the H center in KCI. If one takes 
into account the different host lattices their 
results agree quite well with ours.) 


4. ELASTIC INTERACTION 

Two defects with at least one of them 
having a nonisotropic tensor P interact elasti- 
cally. Shuey and Beyeler[4] have calculated 
the elastic interaction energies. Using their 
results we are able to calculate the elastic 
interaction of an H center with another H 
center or of an H center with an F center. We 
find that the energetically most favorable 
configurations of two H centers are those 
where the connection line between the two 
H centers is along[1101 and where the 
internuclear axes of the defects are either both 
parallel to [101] or where one is parallel to 
[1011 and the other parallel to [lOTj. The 
clastic interaction energies are — 0-25/n*eV 
and — 0-24/n^ eV respectively. (« = I, 2, 3, . . . 
depending whether the centers are first, second 
or higher order neighbors along the considered 
connection line). The least favorable con- 
figurations have two H centers with a connec- 
tion line along [110] and wth both their 
internuclear axes parallel to [1 10], In this case 
the interaction energy is -f- 0-38/n^ eV. 

Using the P tensor for the F center given 
by von Ciuerard et n/.[10]. we calculate the 
interaction energy for an // center-/-' center 
pair. We find that the most favorable con- 
figuration is the one where the connection 
line between the defects is along [001] and 
where the molecular axis of the H center is 
parallel to [110]. The elastic interaction 
eneigy of this configuration is -0-043/n'’' eV. 
A very unfavorable configuration with an 
interaction energy of -(-0-076/«“eV is the 
following; connection line between the 
centers along [110] and internuclear axis of 
the H center parallel to [iTOj. 

We would like to emphasize that the 
calculation of Shuey and Beyeler deals only 
with the elastic interaction energy of point 
defects. For extended defects the electrical 
interaction energy has to be taken into 
account. Although the defects are electrically 
neutral with respect to the lattice, an electric 
interaction arises from the extended charge 
clouds of the defects. In fact, for a pair of 
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H centers a simple calculation shows that the 
electrical interaction energy is of the same 
order of magnitude as the elastic interaction 
energy. The simplest approximation one can 
make is that the H center can be described 
by two point charges each having charge of 
el2. separated along the internuclear axis. 
For a charge separation of h = 0-38 a the 
electrical interaction energies for the two 
most favorable positions are -0 06/n*eV 
and -O-44/n’’eV respectively. None of the 
other configurations becomes more favorable 
by adding the electrical term. Furthermore the 
influence of the electrical polarisation field 
Created by the displacement of the surround- 
ing ions as well as the polarization of the 
ions themselves has to be taken into account. 
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CHALEUR SPECIFIQUE, SUPRACONDUCTIVITE 
ET ORDRE CRISTALLIN D’ALLIAGES DE 
STRUCTURE A 15 A BASE DE VANADIUM 
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Resume- La chaleur specifique a basse temperature et la temperature de transition supraconductrice 
ont ete mesurees dans des alliages de structure A 15 de vanadium avec d'autres elements de transition 
lels que Os, Ir, Pi, Au, Rh, Pd, Co et Ni. Nous avons observe une correlation rcmarquable entre la 
chaleur specifique electronique el le laux d'occupalion des chaines de la slriictiire A 1 5 par les alomes 
de vanadium. 

Abstract-The low temperature specific heat and the superconducting transition temperature have 
been measured in binary alloys of vanadium with Os, Ir, Pi, Au, Rh, Pd, Co and Ni exhibiting the A 1 5 
type structure. The results show a remarkable correlation between the electronic specific heal and the 
rule of occupation of the chain-sites in this structure by atoms of vanadium. 


1. INTRODUCTION 

Dans des travaux precedents [ 1 , 2J sur des 
composes du type A 1 5 a base de niobium, 
nous avons trouve que la temperature de 
transition supraconductrice, 7',.. et la chaleur 
specifique dectronique, y, dependent forte- 
ment des conditions de preparation des echan- 
tillons et de leur degre d’ordre. Ces resultats 
et ceux trouves par van Reuth el <//. [.^1 dans 
Ics composes V,,AU' egalement du type A 15, 
font penser que I’influence de I’ordre cristallin 
sur 7',. sc manifeste principalement par I’inter- 
mediaire de la forme de la bande du vanadium 
et par la densite d’etats electroniques au 
niveau de Fermi. Dans ce travail, nous avons 
etudie plus en detail la correlation entre la 
temperature critique l\.. la densite d'etats 
electroniques et le degre d'ordre cristallin 
dans une serie d'alliages de structure 

A 15, ou X signifie un element de transition 
tel que Os, Ir, Pt, Au, Rh. Pd. Co et Ni. 

2. RESULTATS EXPERIMENTAUX 
Pour le present travail tous les echantillons 
ont ete prepares au four a arc sous atmos- 
phere d’argon, les pertes en poids restant 


toujours inferieures a 1 pour cent. Les 
mesures s’elTectuaient. soit directement au 
lingot de fusion tel qu'il etait obtenu apres un 
refroidissement rapide a partir du point de 
fusion, soit apres un recuit entre 600 et 1050°C 
(Tableau 1), Tous les echantillons ont ete 
analyses par diffraction de rayons X a I'aide 
d’une camera Guinier-de Wolff, et a I'excep- 
tion de I'echantillon V„ jsNi„,...., ils se presen- 
taient tous de phase A 1 5 pure. 

La chaleur specifique a ete mesuree entre 
1-5 et 4-2‘’K pour les alliages dont le 7^ 
etait inferieur a L5°K. Pour les autres 
alliages, elle a ete etendue a des temperatures 
plus elcvees de fatjon a pouvoir separer sans 
ambiguite les contributions des electrons et 
du reseau et determiner le coefficient de la 
chaleur specifique electronique y et la 
temperature de Debye Les resultats de 
nos mesures, ensemble avec les conditions 
de preparation, sont rassembles dans le 
Table 1. 

La temperature de. transition supra- 
conductrice, la temperature de Debye flo 
et la chaleur specifique electronique sont 
representees dans la Fig. 1. A premiere vue. 
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Table 1 


Sy.slemc 
.4, A 

ConcenI ration 
aiomcs 0 
/3|7ral| 

1 raitemcnl 
thcrmiqiie 

Constanic 

reliculairc 

o|Al 

Temperature Chaleur spccifique Temperature 
de transition electromque de Debye 

/,1°K1 -y[mJ/al-g°K'q 6iil°K] 

V-('o 

25-0 

400 h aXOtrC 

4-688 ±0-003 

■- 0-0l5"‘ 

2-78±001 

560 ±15 

V-Ni 

22 0' 

3l()h.a82(l°C 

4-708 ±0-001 

0-35“’ 

4-5 +0 2 


V-Rh 

2,5 ■() 

75 h a l()53“C 

4-78.5" 

- O-Ol.t” 

2-51 ±0-05 

485 ± 10 

V-Fd 

25'0 

75 h a lOSOT' 

4-825" 

0-08“’ 

5-00 + 0-05 

400 ±15 

V-O', 

50 0 

IJngut dc fusion 

4-808 + 0-003 

5 15 

4-76±0'02 

385 ±5 

V-lr 

25'() 

75 h a l()50X' 

4-788" 

0-015-" 

1-97+0-05 

460+10 


31 0 

Lingut de lusion 

4-792 ±0-002 

0-91 

3-67 ±0-02 

4I4±7 


370 

l.ingol de fusion 

4-789 + 0-003 

1-71 

4-34±0'01 

395 + 5 

V-Fl 

28 '0 

1, ingot dc fusion 

4-825 ±0-004 

1 50 

6.32 + 0-03 

471 + 10 


25 0 

75 h.ii |050“C 

4-817" 

3-20 

7-19 + 0-10 

5I1±20 


n-) ■> 

I.ingot de fusion 

4-817±0-(X)2 

0-98 

5- 15 +0-02 

400 ±15 

V-Aii 

25 0 

1 ingol dc fusion 

4-882 + 0-003 

- 0 90 

9-03 + 0-05 

379 ±15 


25 0 

I20h.a lOOOX' 







el l2(lh.a85()''C 


1 -60 

11-10 + 0-05 

398 ± 20 


25 0 

200 h a6()0''( cl 







refroidissemcnl lent 

2 20 

12-11+0-05 

387 + 20 

’ 1 'i;ch.inlillon 

, nc comprcn.iii qu'cnviron 8(IC( 

dc phase A 15 

, d'uii la grande incertitude sur 


Its piii'iirneires lii chalcur specifiqiic 


il semble etre difficile de trouver une correla- 
tion entre ces grandeurs si on compare des 
systemes d’alliagcs differents. Par centre en 
comparant lesalliages Vi.^jX^pour un element 
X donnd, Ic comportement de la temperature 
de transition supraconductrice reflete les 
variations de la chaleur specifiquc electroni- 
quc, qiie ces variations soient dues a la 
concentration fiiV - Pt, V-lr) ou au traite- 
ment thermiquc (V.|Au), Notons aussi que 
la chaleur specifiquc clectroniquc des alliages 
A 1 5 a base de vanadium est du meme ordre 
que celle des alliages a base de niobium, landis 
que les temperatures de transition 7',, de ces 
derniers sont en general plus elcvees. Pour 
faciliter cette comparaison, nousavons calcule 
sur la base de la theorie de McMillanl?] 
relative aux supraconducteurs a couplage fort 
le parametre de couplage electron.s-phonons 
A en admettant pour le parametre d’interaclion 
de Coulomb effective des valeurs 01 8 
(points dans la Fig. 2) et de O' 13 et 0-20 
(limites inferieures et superieures des barres 
de la Fig. 2). Ce choix peut paraitre arbitraire, 
mais il semble raisonnable d’utiliser, dans le 
cas de bandes de caractere 3 d, une valeur 
pour n* plus clevee que la moyenne de 


O' 1 3 postulee pour I'ensemble des alliages des 
metaux de transition. Cependant, il est difficile 
d’indiquer une valeur maximale pratiquement 
admissible pour des metaux paramagnetiques 
ayant une faible largeur de bande. Au voisin- 
age de 6 electrons par atome, les valeurs 
obtenues pour le X des alliages V-X sont 
comparables a celles des alliages Nb-X. 
Pour 6-2-6'5 electrons par atome, le parametre 
X des alliages a base de vanadium reste 
appreciablement au-dessous de celui des 
alliages a base de niobium. Ceci est tres 
prononcc cans le cas du V;,Pd. L’alliage 
Os„r,ii par contre prend une position inter- 
mediaire; nous pensons que la substitution sur 
les chaines de la structure A 15 d’atomes 
d’Os aux atomes de V change partiellement 
le caractere 3 d des functions d’ondes qui 
semble etre plutot defavorable a la supra- 
conductibilite. 

Notons que la theorie de McMillan offre 
une description interessante surtout pour 
les alliages des metaux de transition a 
structure cubique centree. Entre autre, les 
valeurs empiriques de la densite d’etats non 
renormalisee de ces alliages sont en bon 
accord avec les resultats calcules par la 



STRUCTURE A 15 A BASE DE VANADIUM 


1533 



Fig 1 Temperature de transition. 1^. lemperaltire dc Debye, e„. et 
coefficicnl de la chaleur spccifique ciccironiquc. y. d'alliugcs A 15 dc 
composition V|„Xj. 


methode APW (voir Tig. 10 de la Ref, 
[7], Par contre, le mod^e lineaire propose 
par Labbe et Friedel[8, 9J. quoique mathe- 
matiquement simple, est plus particulierement 
adapte a la structure A 15. Dans !e contexte 
de la presente etude, ce modele a le merite 
de prevoir explicitement une forte dependance 
de r, de la densite d’etats. Toutefois, ce 
probleme ne pourra etre discute de maniere 


plus detaillee que lorsque seront disponibles 
les resultats concernant les series d'alliagcs 
A 15 basees sur d'autres elements de transition 
que le vanadium. 

3. ORDRE CRISTALI.IN ET DENSITE D’ETATS 
Comparant les chaleurs specifiques 
electroniques, y, des composes V;,X a 
celles des composes correspondants Nb,X, 
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electrons / atom* 

t ig. 2 Parainctie dll coiiplage clccirons-phonons, K 


on constate une augmentation semblable 
lie y en function du nombre d'electrons par 
atome entre 60 et 6-5. Pour les alliages 
stoechiometriques et ordonnes. y augmente 
dans ce domaine d'un facteur 5 ou plus. Pour 
des alliages A,. (iB,j avec ^ > 0-25, ou pour 
des alliages avec un ordre cristallin imparfait 
on trouve par contre des valeurs de y p)u.s 
basses, Ce fail nous a amends a comparer les 
chaleurs specifiques electroniques avec un 
parametre d'ordre r„, decrivant I’ordre 
cristallin sur les chalnes de la structure A 15. 
En fait la structure A 15 consiste en un 
reseau cubique comprenant deux types de 
sites differents. Les sites b forment un 
reseau cubique centre et les sites a composent 
des chalnes dans les 3 directions (100) du 
reseau. Dans un alliage de formule A, .(,6^, 
le parametre /„ definissant la fraction des 
sites a occupes par des atomes A (par du 
vanadium ou du niobium dans notre cas) 
peut etre determine a I’aide des parametres 
d’ordre de Bragg-Williams[4]: 


Dans un alliage A 15 on a par maille 
elementaire 6 sites a, 2 sites b et. d’apres 
Waterstrat el van Reuth[10]. pratiquement 
pas de lacune; il en resulte que les taux 
d’occupation r„ et r* sent lies a la concentra- 
tion /3. On trouve cctle relation en ecrivant 
que le nombre d'atomes B aux sites b plus 
le nombre d'atomes B aux sites a est egal 
au nombre total d’atomes B dans la maille 
elementaire: 

2r,, + 6{\-rg) = 8^. 

On peut ainsi exprimer le paramMre r„ en 
fonction des parametres d’ordre ou Sf,'- 

r„=\~p(\~S,) = 

Pour les alliages stoechiometriques, j3 = 
0-25. = Si, = S d’ou r„ = i(5-l-3), et il est 

possible d’estimer avec une bonne precision 
les valeurs de S simplement en comparant 
les conditions de preparation et dans certains 





S 


" 1-/3 


cas les temperatures critiques de la supra- 
conduclivit^ de nos echantillons avec celles 
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des alliages dont le degre d’ordre a 6te 
determine par difFractomefrie[3,4. 10, 1 1]. 
Pour les alliages non-stoechiometriques le 
parametre r„ ne peut depasser une valeur 
maximale r„(max) determinee par la concen- 
tration: 

rjmax) = 1 si/3 < 0-25, 

r„(max) = ii( 1 - /3) si /3 > 0-25. 

Ainsi, lorsque fi < 0-25, le terme-/3(l -5.,) 
intervenant dans I’expression de r„ est une 
correction due a une deviation du degre 
d’orde maximum, deviation qui, chez van 
Reuth et Waterstratl41, est decrite par le 
parametre S = S,,. De meme, lorsque /3 > 
0-25 le terme-i(l \ -Sn) est la correc- 
tion decrite par le parametre d’ordre 5 = 5^. 
Dans ce dernier cas, le taux d’occupation des 
chaines, r„, est principalement determine 
par la concentration /3. et I’influence du 


parametre S' n’est pas importante, du moins 
pour nos echantillons. Les parametres S, 
permettant de calculer les corrections, ont 
ete estimes par comparaison des conditions 
de preparation de nos echantillons avec celles 
de Waterstrat et van Reuth [10], Dans la 
Fig. .3, nos resultats pour la chaleur specifique 
electronique y sont reportes en function du 
nombre delectrons par atome, avec en indice 
les valeurs du parametre S. Dans cette meme 
figure, nous avons essaye de tracer le graphe 
de la chaleur specifique electronique en 
fonction du nombre d’electrons par atome. 
ceci pour les alliages de vanadium et d'un 
element .5 d pour les cas ou les sites a sont 
occupes uniquement par des aiomes de 
vanadium, Ayant ainsi defini un yii(5</). 
‘ideal’ nous avons porte dans la Fig, 4 le 
rapport y/y,, en fonction du parametre r„. 

La Fig. 4 met en evidence une correlation 
etroite entre la densite d’etats electroniques 



olectrons 


/ 


atome 


Kig. 3. Coefficient de la chaleur specifique electronique, y, et parametre 
d'ordre. O V-5d. □ V-4d, A V-3d. symboles pleins; alliages nonsloechio- 
melriques. 
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I ig 4 ( oncliilion cnire la densile d'etats reduilc el lataiix d'occiipalion dcs chatnes 
par dcs alomcs dc vanadiuni 


cl le dcgre d’ordre dcs alliages A 15 de 
vanadium avec un element 5 c/. II cst remar- 
quable que cetie correlation nc dependc pas 
du nombrc d'clectrons par alome, ni du Tail 
quc le desordrc peui provcnir soil d’un 
iraitemeni ihcrmiquc adequal, soil d'unc 
deviation de la concentration stoechiometri- 
que. 1 1 faut egalemcnt noter I’imporlance de cc 
desordre cristallin pour la densite detats 
electroniques: pour r„ = 0-93, done en ayanl 
retnplacc un atome dc vanadium stir 14 par 
un element d'une valence differentc, on trouve 
que la densite d’etats totale est reduite 
dc 50 pour cent. Selon l.ahbef9, 12], tine telle 
situation peut elre decrite d’une maniere 
satisfaisiinle en considerant des chatnes 
lineaires perlurhees par des atomes dilFcrents 
ct en admettant que le niveau de Fermi soil 
voisin d'une pointe de la densite d’etats 
d’une sous-bande d. 

Pour les alliages avec un element 4 c/ 
il faut noter que le V;,Pd est tres desordonne, 
S = 0-69; il en resulte que si la correlation 
yh«=f(>'<X trouvee pour les alliages de 


vanadium avec un element de la serie 5 c/, est 
aussi valable pour les alliages avec des 
elements 4 d, la densite d'etats electroniques 
du V;,Pd ordonne devrait etre le double de la 
valeur mesuree. Sur la base de ce raisonne- 
ment on obtient pour la densite d'etats ideale 
relative aux alliages de vanadium avec un 
element 4d la courbe yu{4d) de la Fig. 3. 
D’une maniere analogue nous avons repre- 
sente la densite d'etats hypothetique relative 
aux alliages avec un clement 3 d. 

Initialement les resultats pour les alliages 
non-stoechiometriques nous ont amenes 
a comparer les valeurs y avec un parameire 
d’ordre relatif aux chaines de la structure 
A 15 plutdt qu’avec le parameire d’ordre 
du type Bragg-Williams. En effet le degre 
d'ordre relatif aux sites b semble avoir assez, 
peu d'infltience sur la densite d’etats. Ceci 
est confirme par des mesures plus anciennes, 
effectuees dans le systeme d’alliages (Nb|_„ 
'V'o):,Au[l31. En negligeant d’abord I’occupa- 
tion de sites a par des atomes d’Au, le 
parametre r„, defini comme ci-dessus, vaut 
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Ta = a pour a ^ 0-5, et si on definit r„ par 
rapport au Nb, r„ = I - a pour a « 0-5. Dans 
ce systeme, la chaleur specifique y baisse 
jusqu’a 50 pour cent en substituant du Nb 
au V ou du V au Nb dans les alliages V:,Au 
et Nb.|Au respectivement. L’effet serait 
encore plus marque si ces alliages binaires 
etaient parfaitement ordonnes. En se basant 
sur un y„ interpole lineairement entre NbjAu 
et VjAu ordonnes on observe une et VjAu 
ordonnes on observe une depression maximale 
de y dans le systeme ternaire qui est com- 
parable a celle donnee par la Fig. 4. l.a 
variation de yly^ en fonction de r„ par centre 
semble etre plus faible au voisinage de r„= 1. 
II est possible, lors de la substitution d'un 
faible pourcentage d’atomes dans les chaines, 
que la perturbation soit moins grande si les 
atomes echanges ont la meme valence. 

4. CONCLUSIONS 

Nous avons Irouve dans ce travail que la 
densite d’elats electroniques d'alliages du 
type A 15 a base de vanadium ou de niobium 
depend fortement du taux d’occupation dcs 
chaines de cette structure par la meme espece 
d'atomes, ccci pour un nombre d’electrons par 
atome compris entre 6-2 el 6'5, Dans ce 
domaine, la forte augmentation de la densite 
d’etats des alliages parfaitement ordonnes, 
lorsque le nombre d'electrons croit, indique 
que le niveau de Fermi s'approche d’une 
pointe de la densite d’elats; par suite, dans 
chaque cas, I’abaissemenl de la densite 
d’etat.s s'explique par une modification de la 


bande d due a un desordre sur les chaines. 
Pour conclure on peut dire que si I’ordre 
cristallin a une aussi grande influence sur la 
structure de bande, inversement la structure 
electronique doit etre un facteur important, 
limilant I'ordre et les domaines d’homogeneite 
des phases A 1 5. 
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ELECTRICAL CONDUCTIVITY IN NH4CI AND 
ND4CI SINGLE CRYSTALS 

R. G. FULLER* and F. W. PATTEN 

U.S. Naval Research Laboratory, Wash. D.C. 20390. U.S.A. 

[Received 24 October I9fi9‘ m revised form \$ December 1969) 

Abstract - Electrical conductivity measurements are reported for normal and deuterated ammonium 
chloride single crystals in the temperature regions which characterize the pure and the impurity- 
dominated materials. We conclude from the data that conductivity in ammonium chloride is due to the 
formation of either cation or anion vacancies and a subsequent process controlled by a proton transfer 
Our results are found to be consistent with a model proposed by Herrington and Siaveley. 


1. INTRODUCTION 

It was noted, during studies on radiation- 
induced point defects in ammonium halide 
single crystal.s[l. 2 ], that hydrogen migrates 
fairly rapidly through these crystals at room 
temperature. This effect may be seen directly 
in the electron paramagnetic resonance 
spectra of ND3CI color centers [2] in deuter- 
ated single crystals. If these crystals are 
exposed to the atmosphere for short periods 
of time, proton hyperfine interactions from 
hydrogen which has exchanged with deuteri- 
um atoms in the ammonium group become 
pronounced in the spectra. These measure- 
ments may. in fact, be used to determine the 
rate of hydrogen diffusion in ammonium 
halide crystals. The mechanism of such a 
rapid diffusion is still in doubt, however. A 
likely explanation is that this mechanism is the 
same as that proposed to explain electrical 
conductivity in the ammonium halides, which 
is also dependent on motion of hydrogen 
atoms. Diffusion and conductivity are then 
related by the Nernst-Einstein equation. 

Electrical conductivity measurements on 
the ammonium halides were obtained first by 
Herrington and Staveley[3]. They found that 
ammonium chloride, in particular, is a signi- 
ficantly better intrinsic conductor than any of 


"Present address: Physics Department. University of 
Nebraska, Lincoln, Nebr. 68508, U.S.A. 


the alkali halides. Since conductivity in this 
material is due entirely to ionic motion, as it 
is in the alkali halides, they were lead to 
consider processes peculiar to the ammonium 
halides which might lead to lower activation 
energies for ion migration. When single 
crystals were doped with either divalent 
cation or divalent anion substitutional impuri- 
ties the conductivity was enhanced by about 
the same factor, implying that anions and 
cations make comparable contributions to the 
conductivity. By contrast, cation motion 
predominates in the alkali halides. Several 
other properties of NH4CI single crystals 
seemed of special relevance: ( 1 ) the heat 
capacity is larger than can be explained by 
lattice and molecular harmonic motions, ( 2 ) 
the thermal expansion coefficient is anomal- 
ously high and (3) the vapor pressure is high, 
measurable even at room temperature. These 
suggest that at room temperature and below 
there is a significant amount of dissociation 
within the crystal matrix, of the form NH 4 '' -t- 
Cl" -> NH;,-I-HCI. Herrington and Staveley 
finally proposed a three-stage mechanism for 
ionic conduction (Fig. I ) based on this ease of 
dissociation: (1) NH 3 and HCl are formed by 
a proton transfer, adjacent to either a positive 
or negative ion vacancy: (2) either NH;, or 
HCl moves into the vacancy; (3) a reverse 
proton transfer occurs forming NH 4 + and Cl" 
again, one of which has exchanged its position 
1.5.19 
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Fig I Mechanism for ionic conduclion in NH|f'l (Shown in 
1 10 plane I 


with the vacancy. A succession of these 
exchanges, under the influence of the applied 
electric field, results in a net transfer of 
charge. 

A test of this hypothesis could he achieved 
by measuring the conductivities of both 
normal and deuterated ammonium chloride 
over some temperature interval. If a proton 
exchange is the controlling process in the 
above mechanism, in the sense that it has 
the highest activation energy (excluding the 
activation energy for vacancy production), 
then the attack frequency of the moving 
particle and hence the preexponential factor 
in the conductivity equation will be affected 
greatly upon deuteration of the crystal. The 
results of such measurements, reported in 
the following sections, show unambiguously 
that electrical conductivity in NH^Cl is 
dependent on motion of hydrogen ions, in 
agreement with the mechanism propo.sed by 
Herrington and Stavelcy. 

2. THEORY 

Electrical conductivity may be expressed as 
the sum of the individual contributions of the 
different charge carriers in the material: 

(T = "2 NiZ,eii, (I) 


where <t is the conductivity and where A'j. 
z,(' and ju,, are the number, charge and mobility 
of the ith type of carrier, respectively. If. as 
in the alkali halides, the charge carriers are 
anions and cations, their contributions to the 
conductivity are determined by the concentra- 
tions of vacant lattice sites as well as the ion 
mobilitiesl4]. The equation for the conductiv- 
ity can be written as 

(/ ^ (T„ + rr, = N„eii„ + N.eii ^ , (2) 

where N„ and N,. are the numbers of anion 
;ind cation vacancies per unit volume and 
where /x„ and ii, are the anion and cation 
mobilities. The equations for the vacancy 
concentrations and ion mobilities are well 
knownl.*)]. and in our notation are: 


A/„^ = A'“exp (-g/kT), 

(3) 



exp( ^gJkT), 

(4) 



exp( AgJkT), 

(5) 


where N is the number of ions, either anions 
or cations, per unit volume, g is the Gibbs 
energy of Schottky defect formation, a is the 
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anion-cation distance, and are the anion 
and cation jump attempt frequencies, and 
A^a and A^j^ are the Gibbs energies of anion 
and cation migration. The Gibbs energy can 
be expressed as the enthalpy minus the 
product of absolute temperature and entropy. 
g = h-Ts. 

In an Arrhenius plot of log (crT) vs. 1/7' one 
would interpret curvature as an indication 
that both anions and cations make contribu- 
tions to the conductivity. This is the case for 
alkali halides[6. 7J. On the other hand, barring 
the unlikely coincidence of equal activation 
energies, a linear Arrhenius plot would 
indicate that one charge carrier predominates 
and that the conductivity can be expressed 
as a single exponential, 

4NaV’i' r-^>/2-Ag‘ 

„T j— jj.- 

= /loexp(-[/i/2 + A/i]/kr). (6) 

This appears to be the situation for NH4CI. 
According to classical rate theory, the Jump 
attempt frequency is proportional to the 
inverse square root of the mass of the vibrat- 
ing ion[5]. In the case of NH4CI and ND4CI 
this means that if the mechanism for conduc- 
tion is the motion of the anions, the conduc- 
tivity of NH4CI and ND|CI would be the 
same; if the mechanism is cation motion, the 
ratio of NH4CI conductivity to ND4CI 
conductivity would be ’/jT/9; if the mechan- 
ism for conduction is dominated by motion of 
a hydrogen ion. then the above ratio takes on 
the value V 2 . 

In vacancy controlled mechanisms it is 
possible to separate the formation and 
migration energies from one another by 
putting a known amount of divalent cation 
impurity into the crystal. The cation vacancy 
concentration is then enhanced and the anion 
vacancy concentration is depressed. Then the 
equations for vacancy concentration are 

N, = Na + l^t (7) 


where Nt is the number of impurity ions per 
unit volume, while equation (3) still holds for 
the product of the vacancy concentrations[5]. 
Consequently, the activation enthalpy for 
conduction changes from /i/2-l-A/ir to A/i, , 
and the conductivity can be expressed as 

itT = exp (-A^,lkT ) 

-C„exp(-A/j,/AT). (H) 

3. EXPERIMENTAL PROCEDURE 

NH,C1 single crystals have the CsCl 
crystal structure in the temperature region 
from 184-3 to -30-5°C. which encompasses 
the interval of experimental investigation. 
Crystals, very nearly cubic in habit, were 
grown from saturated aqueous solution with 
urea added to suppress dendritic growth. 
.Starting materials were either Fisher or 
Mallinckrodt analytic reagent grade materials. 
Some crystals were grown by slow evapora- 
tion of the solution in a temperature controlled 
chamber. Larger (up to I cm“). and more 
perfect, crystals were grown by starting with a 
saturated solution at about 40°C in a closed 
vessel which was immersed in a water bath 
regulated to within 0-01°C/day. The tempera- 
ture was then lowered by about 0-2°C/day 
over a period of weeks. The resulting crystals 
were colorless, perfect cubes. It was not 
possible to detect the presence of any urea 
impurity by using NMR and i.r. absorption 
techniques. 

Deuterated single crystals were prepared 
by dissolving analytic grade NH 4 CI and urea 
in 99-85 mole-% D 2 O and evaporating to 
dryness four times before growing crystals in 
a temperature-regulated solution; it is expec- 
ted that 99-0 per cent deuteration was achieved 
for the freshly grown crystals. While handling 
the crystals in preparation for the conductivity 
measurements, they were exposed to the 
atmosphere with some consequent exchange 
of hydrogen for deuterium. An NMR analysis 
of some of these samples showed that the 
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level of deuteration was 90 ±5 per cent 
during measurements of the conductivity. 

The samples were cut to about 1x7x7 mm 
size, polished, and painted with dag electrodes 
before being installed between the platinum 
contacts of the conductivity sample holder. 
The samples were kept in a dry argon atmos- 
phere during the measurements of the conduc- 
tivity. The conductivity measurements were 
made using standard a.c. bridge techniques. 

4. RK.SUI.TS 

A plot of log ((tT) vs. IOOO/T for NH^CI. 
N |-l 4 ('l : SrCI, and ND^Cl is shown for the 
temperature interval I80-60“C in Fig. 2. The 
concentration of Sr in the doped material was 


found to be about 55 ppm, using the flame 
emission spectroscopy analysis technique. 
There is good linearity observed for both the 
NH4CI and ND4CI curves over two decades 
of values on the ordinate within the high 
temperature, intrinsic region from 180 to 
130°C. This implies that there is only one 
value for the activation enthalpy within the 
exponential of the conductivity equation, 
equation (6), and hence there is only one 
mechanism for conduction within this 
temperature interval. This contrasts with 
the situation for the alkali halides, whose 
conductivity plots show definite curvature in 
the high temperature regime. It should be 
remarked that when measurements were 



Fig, 2 The conductivily-absoliilc temperaiurc product as a function of reciprocal temperature for 
NH 4 CI, NDtCI and NH 4 ('l:Sr(T, single crystals. The solid lines are a result of a least squares 
computer fit of a first degree polynomial to the data (only the five data points in the low tempera- 
ture extreme of N HjC't : SrCk were fitted). 
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attempted at temperatures higher than about 
180°C, the increased vapor pressure of 
NH4CI caused a boilofF of material to occur, 
degrading the sample and preventing further 
measurements. 

The low temperature, impurity dominated 
or extrinsic conductivity region, is represented 
by the temperature interval from 1 30 to 60“C 
in the figure. Within this region, the doped 
material, NH^CIiSrClj, has conductivity 
values higher than those for the extrapolated 
linear plot of data in the intrinsic region. This 
shows that cation vacancies, induced by 
charge compensation of the substitutional 
Sr^' ions, are an essential part of the conduc- 
tivity mechanism at these temperatures. In 
the linear portion of this region at the low 
temperature extreme, the conductivity equa- 
tion again may be simplified to a single 
exponential, of the form of equation (8). 
There is now a single contribution to the 
activation enthalpy, that of the migration 
enthalpy of the charge carrier. This value is 
given in Table 1. along with the activation 
enthalpy for the intrinsic region. 

The linear fit to the N D4CI data in the figure 
has the same slope as the NH4CI data in the 
intrinsic n'gion, leading to the same value for 
the activation enthalpy within this tempera- 
ture interval. In all of the above cases, a linear 
relation was computer-fitted to the data points 
using a least-squares routine. 


Table I 



Ciinductivily' 

Activation cnitialpy 

Miitei'iul 

((U'cm ') 

(eV) 

NH4C-I 

8'l4x 10 " 

ITS 

ND,CI 

6-07X IQ-» 

1-26 

NH,CI SrCl., 

— 

OLS 


*At42«°K. 


5. DISCUSSION 

The differences in conductivity for NH4CI 
and ND4CI single crystals in the intrinsic 
region cannot be ascribed to differences in 
impurity concentrations since the same 


starting materials were used for both crystals, 
except that the deuterated crystals were 
grown from a DijO solution. Also, the excel- 
lent fit of a single exponential to both sets of 
data implies that the conductivity measure- 
ment is dominated by the motion of a single 
charged particle across a potential barrier 
which is identical in both crystals. We 
conclude that the conductivity mechanism 
either is a single charge transfer process, or 
it is a sequence of charge transfers in which 
one jump (the controlling process) is associ- 
ated with a significantly higher activation 
enthalpy than the others. 

In either case, the parallel displacement of 
the two conductivity curves in the intrinsic 
region is due to a different preexponential 
constant in equation (6). and therefore there 
must be a difference in the jump attempt 
frequency, i>. of the charge carrier for the 
normal and deuterated material- Since this 
quantity is inversely proportional to the 
square root of the mass of the charge carrier, 
the ratio of conductivities for any particular 
temperature in the intrinsic region is 

i<rT),i/{crT)n = (9) 

where the subscripts H and D refer to the 
NH4CI and ND4CI cases, respectively. From 
the data of Fig. 2 we find that {(tT)hI((tT)[,= 
1 -34, evaluated within the linear region. Of the 
limited number of charge carriers which could 
exist in this material, only the bare proton/ 
deuteron has a sufficiently high value for the 
mass ratio to fit the data; {mDlm^ y'-= 1-414. 
The discrepancy between these two numbers 
is easily explained by the fact that the ND^CI 
crystals were not completely deuterated. 
Letting .v represent the fraction of the total 
charge carriers in ND^Cl crystals which 
result from hydrogen substitution, then 

(o-7)„/(o-T)„ = \/2/(l + (V'^-l).r]. (10) 

When equation (10) is evaluated for the value 
of the conductivity ratio given above, it is 
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found that t = 014. Thus the experimental 
result can be accounted for by assuming only 
86 per cent deuteration of the ND^CI crystals, 
which is in excellent agreement with the 
result of the NMR analysis given in Section 3. 

It appears very likely, from this evidence, 
that the charge carrier controlling the process 
of charge transport in NH^CI is a proton. The 
results of divalent cation impurity substitution 
indicate that vacancies, of either polarity, are 
also required within the mechanism. These 
ingredients are both contained within 
the Hcrrington-Stavelcy model, pictorially 
represented in hig. I. Processes I and 3 in 
the dual picture are a forward and reverse 
proton switch. Process 2, the intermediate 
charge-transfer process, results in a displace- 
ment of the cation/anion vacancy by one 
lattice spacing along a ( 100) direction. Fach 
step IS aided by the applied electric field and 
contributes a portion of the total motion of 
the charge. Our resulls are consistent with 
this model. Furthermore, if the initial proton 
transfer is the controlling process of the 
mechanism, process 2 must have a much 
lower activation enthalpy, 

rhe measured activation enthalpy {Mi, ) for 
conduction in strontium doped ammonium 
chloride in the impurity-dominated region is, 
from Table 1 . 0 1.3 eV. This value represents, 
from equation (8), the migration enthalpy of 
the charge earner, eqiitil to that of the control- 
ling process, step I of Fig. I. The measured 
activation enthalpy ihll + Mi,.) of ITfieV in 
the intrinsic region of the conductivity curve 
leads to a value of 2'22eV for the enthalpy 
|/i) of formation of vacancy-pairs (Schotiky 
defects) in pure NFI,CI- These may he 
compared with the values for CsCI" of 0-6 
and ()'3 eV for the enthalpies of cation and 
anion vacancy mobility, respectively, and 
l-8eV for the enthalpy of Schottky defect 
formation. 

The above values for NH.,C1 differ from 
those reported by Herrington and Staveley, 
which are A/i,. = 0'7.3 eV and /i/2-FA/i^ = 
l l.^eV, so that /i = 0'8()cV. Our disagree- 


ment principally is with the measurement 
of activation enthalpy in the extrinsic region 
of the conductivity curve. On examining their 
data, we observed an intermediate tempera- 
ture region in their conductivity curves for 
doped samples in which the measurements 
seem to correspond very well to those of our 
extrinsic region. Their measurement of an 
activation enthalpy at even lower tempera- 
tures, which they attribute to the motion of 
the charge carrier of the high temperature 
mechanism, may, in fact, be associated with 
some form of charged aggregate. 

1 hus the energy of Schottky defect forma- 
tion in NHjCI is in substantial agreement 
with the value quoted for isomorphous CsCI. 
The low value found for the activation 
enthalpy for migration of the charge carrier, 
compared to ionic mobilities in CsCI or alkali 
halides, is what one might intuitively expect 
for a mechanism dominated by a proton 
e.xchange. The identical process has recently 
been examined theoretically by dementi [9J, 
in his study of the transitional states in the 
NH:|-f HCI NHjCI reaction. From his 
potential diagrams! I ()]. we estimate a barrier 
height of about 0 5 eV for the gas phase 
reaction, using an interatomic distance 
appropriate to the solid. However, the 
problem is modified greatly by the presence 
of the Madelung potential in the solid. It 
would be desirable to calculate the effect of 
this contribution on dementi's potential 
energy diagram for the free space reaction, 
though this appears to be a very difficult 
problem. 

6. CONCI.IISION 

Conductivity in ammonium chloride seems 
to be dependent on formation of Schottky 
defects as in the alkali halides. However, the 
conductivity mechanism is not the simple ion 
motion found in alkali halides, but is a process 
which is apparently dominated by a proton 
transfer. Such a mechanism has been sug- 
gested by Herrington and Staveley and our 
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results, based on measurements of normal and 
deuterated ammonium chloride single crystals, 
are in agreement with this model. Our conduc- 
tivity data are somewhat different from those 
reported previously. In particular, the activa- 
tion enthalpy for conduction in the extrinsic 
region is considerably smaller than was 
indicated. It is asserted that this value is 
essentially the activation enthalpy of the 
proton transfer. 
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Abstract - The C urie constant per gramatom chromium varies from 1 03 for a = 0 to 1 -86 for j: = 1 
in the mixed crystal series CuCr„.:,Rh, , ^.Sn^Se,. This is interpreted as a transition from letravaienl 
to trivalent chromium. The ferromagnetic ordering occurring for r = 0 is found to be destroyed 
rapidly by Sn substitution. 


1. INTRODUCTION 

Jn an earlier paper[l] the authors have shown 
that the saturation magnetizations and Curie 
constants of the ferromagnetic seleno-spinels 
CuCr„Rh..j.„Se 4 are in agreement with the 
chromium occurring mainly in the tetravalent 
state for y < I. In this series of mixed crystals 
the valency of chromium has been studied on 
materials with a varying Cr content. The 
present paper reports a change of the Curie 
constant per gramatom chromium from 1-03 
to 1-86 in the series CuCronRh,; ,.Sn,.Sei 
having a constant Cr content (cf. the spin- 
only values 100 for Cr^‘ and 1-87 for Cr'*). 
We consider this as a further confirmation 
that CC*^ can be present in certain Cu- 
containing sulpho— and seleno-spinels con- 
trary to Goodenough's[ 2 ] statement that 
Cr^* is not stable in these substances. 

2, EXPERIMENTAL PROCEDURE AND RESULTS 
Hahn and Strick(3] have reported the 
existence of the seleno-spinels CuCrMeSej 
with Me = Ti or Sn. Attempts to prepare 
CuCrMeSe 4 and CuRhMeSe, at SOOT failed 
for Me = Ti but yield a pure spinel phase 
in the cases of Me = Sn. Samples of CuCr„:t 
Rh 1 . 7 -j.Snj.Se 4 with af = 0'l, 0'2. OT, 0-4. 
0'7 and 1-0 were prepared at 500°C from 
the elements in the usual way in evacuated 
silica ampoules. In addition the materials 


were ground and fired at 800°C three times. 
■The X-ray diagrams showed a pure spinel 
phase except for the samples with x = 0-4 
and 0-7, in which cases two very weak non- 
identified reflections were present. The 
susceptibilities at room temperature measured 
after the third and fourth firing were equal 
within a few percent except for x = 0'4 and 
0-7. in which cases the difference was 
-9 percent. 

Figure I gives some curves for 

CuCr,|.,.|Rh| 7 jSnj-Se,. The susceptibilities 
were corrected for temperature-independent 
paramagnetism or diamagnetism using the 
susceptibilities at room temperature measured 
on samples of CuRh 2 -j.Snj.Se 4 [4] (Fig. 2). 
The only magnetic ions in CuCr(,:,Rh| 7 _j 
Sn^Scj are the Cr ions, which occur in a 
rather small concentration so that the deter- 
mination of C,„ is not very accurate. From 
the marked change in slope of the Xm '~T 
curves in Fig. 1 it is seen, however, that a 
change of the Curie constant per gramatom 
Cr is observed for beyond the experimental 
error. 

Figure 3 gives some of the magnetization 
curves measured on CuCro.aRh,.:. jSUjScj. 
The replacement of Rh m CuCro.;,Rh, by 
Sn seems to destroy the ferromagnetic 
ordering. This is seen from a drop of the 
moment at 4-2°K below 0-6p.,(/molecule and 
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f'lg I ( 'ii( I'l, ,Rh| : ,Sn,SC| with i -- 0. 0 4, 0 7 and 
10 Retipritctil nuilar Misccptihility as a function of 
temperature Suscoptibiltty corrected usmj: Fig. 2 
Isec text) 





Ftg 2 CuRhj ^.SnJ.Se^|41. Molar su.sceptibiitty at room 
temperature as a function of composition. 



Fig 4 ('uCr„ ,Rh| ,Sn,Sei (‘•’ircles) and CiiCr^Rh, „ 
Se, Iciosses) Magnetization at 4'2°K as a function of 
field strength (topi and as a function of lemperaltire for 
W = 6 kOc IhottomI, 

an increasing slope of the magnetization 
curves for increasing Sn content (Fig. 3). 
For ,v = 0-3 the magnetic behaviour can 
hardly be called ferromagnetic as we measured 
at 4-2“K a steady increase of the magnetization 
with the field and a very narrow hysteresis 
loop (('ocrcivc force —.‘iOoe; remanence 
-0- 1 G cm' g ' i.e. -0-01 /x,j/molecule). 

We replaced 0’4 Rh in CuCrRhSe^ by Sn 
and found a similar effect. Whereas T,. = 
270'’K and the saturation, being 2-l8/a„/ 
molecule, is easily attained (Fig. 3) for 
CuC'rRhSe .1 we found that the Sn substitution 
decreased 7',. to 140“K and had the effect of 
preventing complete saturation at 4-2‘’K for 
// = 30kOe. The magnetization at 4 2°K 
and 7/ = 30 kOe was increased to 2-7 /x„/ 
molecule, showing a transition from Cr^'^ 
into Cr'+ as a result of the Sn substitution. 

Figure 4 gives several quantities of 
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Fig. 4. CuCrojRh, ,_,Sn^Se,. Curie conslanl per gramalom chromium 
C„i/0-3, paramagnetic Curie temperature S, Seebeck coefficient a and 
cell edge a as a function of composition Paramagnetic data corrected 
for temperature-independent susceptibility (see text). 


CuCr„.;|Rh 3 ,,,.Snj.Se 4 as a function of the 
Sn content. From the Seebeck coefficients 
it is seen that the material is fi-type metallic 
conducting for x [ and semiconducting 
for x=\. This was confirmed by some 
resistivity measurements. For x= I we 
found p = 30 ohm cm at room temperature 
and an activation energy of 0'I3eV for 
temperatures between 290 and 100°K. For 
AT = 01 andO'7 we measured p 10"'' ohm cm 
at room temperature and at 78°K. 

Since the paramagnetic Curie temperature 
of CuCriiiiRh,., j.Sn,.Se 4 for small x {Fig. 4) 
was found to be considerably lower than the 
value 0=I2O°K reported earlier[l| for 
Af = 0, we reinvestigated CuCr„Rh .2 „Se^ 
with y = 0'30, 0-45 and 0-60. The old samples 
were prepared by two heat treatments (at 700 
and 7.‘i0°C) starting from the components’' 
CuCr^SCj and CuRhjSe^. We prepared these 
materials using the same procedure but with 
one additional firing at 750°C. and the materials 
were ground longer after each firing. The 
susceptibilities Xm {295°K) measured on the 
new samples after the second and third firing 


*ln Ref |l| It IX mcndiincd inciurccdy lhal the 
f'uC'r„Rh.,_„.Se, xumples hud been prepared from the 
elements. In fact the preparation started from mixiure.s 
of CuCr-Scj and ('uRh..Sc^. 


are mutually in reasonable agreement but 
differ considerably from x«(295°K) measured 
on the old samples (e.g. x,„ ' = 73.3 and 750 
for the new samples, and Xm'' = filO for the 
old sample with y = 0-30). 

Figure 3 gives fi. C„, and /if of CuCr^Rhi-i,- 
Se 4 measured on the new samples after the 
second firing in the case of y = OTO. 0’45 
and 0-60. The susceptibilities were corrected 
for temperature-independent paramagnetism 
using the value 1-1 . 10"' of CuRh 2 Se 4 (see 
Fig. 2. For increasing Cr content this correc- 
tion becomes less reliable but also less 
important). Whereas 0 differs considerably 
from the values given in Ref. [1] (e.g. # = 66 
or 120°K* for y = 0-30), the values of C„ 
and /if are in good agreement (e.g. = 

0-33'' or 0-29*; /x/^fl M or 0-57 p.u/molecule 
for y = 0-30). Since 0 changes rapidly with 
the composition y (Fig. 5), we think that the 
poor reproducibility of (9 and Xm(-'^-^°l^) arises 
from relatively small deviations from complete 
mixing of the small amount of CuCr.jScj 
with the excess of CuRh.,Se 4 . and the present 
values are more reliable than those given 
in Ref, 1 1 ]. For several samples of both series 
of mixed crystals it was verified at 78 and 


•Withiim correction foi temperature-independent 
paramagnetism 
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THERMOELECTRIC POWER OF IONIC CRYSTALS-V. 
THERMOELECTRIC POWER OF POTASSIUM 
BROMIDE AND SODIUM BROMIDE USING 
BROMINE GAS ELECTRODES 

HIDEOKI HOSHINO and MITSIIO SHIMOJI 
bepartment of Chemistry, Faculty of .Science. Hokkaido University, Sapporo. Japan 
{Received Ocioher 1969) 

Abstract- ! he thermoelectric powers of single crystals of KBr and NaBr, undoped and doped with 
BaBrj, were measured as a function of temperature between 4()0-540T using bromine gas electrodes. 
Slight discolouration of the crystals, observed after the thermoelectric power measurements, suggests 
that stoichiometric excess of bromine presumably yield cation vacancies and holes I he transport 
numbers of the holes can be neglected under the experimental condition of interest, as inferred from 
Mollwo’s work I he experimental results of the thermoelectric power are interpreted in terms of 
theoretical expressions for homogeneous and heterogeneous thermoelectric power. The values of heats 
of transport of both cation- and anion vacancies ime in agreement with those of heals of activation for 
migration of respective ions, as predicted from the non-equilihrium theory based upon the Fokker- 
Planck equation (papers I and 111 of this series) It is quantitatively shown that the heterogeneous 
thermoelectric powers of ihe KBr and NaBr crystals being in contact with the inert metal electrodes 
mtiy depend on the electrode malenals and on the purity of the crystals. 


1. [NTRODIJCI ION 

On the thermoelectric power measurements 
of the alkali halide crystals, the alkali metal 
electrodes can not be used because of their 
active nature. Therefore, the inert metal 
electrodes, such as Pt[l-7], Rh[.‘'J, Ag[9] 
and graphite [2, 6-8] have been employed for 
the systems; NaCI[l-3j, K('l[2,4,5], NaBr 
[6J, KBrL7|, Kl[8| and LiF[9j. In this case 
the expressions for the heterogeneous thermo- 
electric power have very complex forms 
[5, I0-12J, resulting from some reactions 
associated with the contact between the metal 
electrodes and the salts, since they have no 
common ion. Although there have been done 
some devices [.3-8 1 to obtain the values of the 
heats of transport of lattice defects, the 
discussions have been unsatisfactory[6-8|; 
the unknown parameters have been intro- 
duced to interpret the reactions related to the 
behavior of the excess electrons at the surface 
of the crystal. 

In this paper the thermoelectric power of 
KBr and NaBr crystals was measured using 
the bromine gas electrodes in place of the 


inert metal electrodes. The thermoelectric 
power measurements of the solid electrolytes 
due to the halogen gas electrodes have first 
been made by Reinhold [13] on the systems, 
Ag-, Cu- and Pb halides and recently on the 
Agl system by Wagener[l41. There has been 
no attempt to measure the thermoelectric 
power of alkali halide crystals using halogen 
gas electrodes until now except the cases of 
molten alkali halides] I .‘i, 16). 

It should be noted that, when some alkali 
halide crystals, e.g. KBr and KI, have been 
annealed in their halogen gas atmosphere at 
high temperatures, the formation of the V- 
centres] 17-23] and an enhancement of the 
electrical conduclivity]17.23,24] have often 
been observed. Such a conductivity change 
may be caused by cation vacancies and holes 
both resulted from dissolution of the halogen 
molecules. According to Mollwo]l7], under 
the present experimental conditions (70mm 
Hg bromine gas atmosphere and 400-.340T). 
the concentrations of dissolved bromine 
atoms in KBr crystals were much less than 
those of the Schottky defect pairs produced 
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thermally. In these cases the analysis of the 
thermoelectric power may be done practically 
taking cation and anion vacancies into 
consideration. 

The purposes of the present paper are, ( I ) 
to measure the thermoelectric power of KBr 
and NaBr crystals using the bromine gas 
electrodes. (2) to determine the values of heats 
of transport of the respective lattice defects, 
(.^) to compare these values with the predic- 
tions based on the nonequilibrium statistical 
mechanics (I and III of this series) and (4) to 
estimate the heterogeneous thermoelectric 
powers of KBr and NaBr in the cases of Pt- 
and graphite electrodes. The heterogeneous 
thermoelectric power due to the halogen 
electrodes can be estimated from the experi- 
mental data of the heat capacity [25, 26]. Then 
the values of homogeneous part can be 
separated theoretically from those of the total 
thermoelectric power. Thus, the quantities in 
the theoretical expressions derived from the 
irreversible thermodynamics (10,11, 27-3()| 
can be discussed by making use of the 
conductivity results. 

2. KXr'KKIMKN'I Al, FROCKDIIKKS 

Single crystals of KBr and NaBr, pure and 
doped with BaBr.j, were prepared by the 
Kyropoulos technique (.3 1 ]. Cleaved speci- 
mens were used. The concentrations of 
barium impurities were determined by the 


colourimetric method[32]. As used previously 
[13] graphite was employed as an electrode 
meterial. This substance is known (33-3 5] to 
react with bromine and to form the stable 
intercalation complexes such as C^Br and 
Ciiiflr. The graphite electrodes were cut out as 
thin as possible from the graphite rod with 
impurity of metals less than 35 ppm and 
polished using emery papers. Then they were 
baked in vacuum at bOOT for 24 hr, The 
thermoelectric power measurements were 
carried out under the condition that there were 
no temperature gradients within the graphite 
electrodes. The pressure of bromine gas was 
maintained at 70 mm Hg throughout the 
measurements by circulating over the liquid 
bromine cooled always at 0°C using ice-water 
coolant [36J. 

The cell used is shown in Fig. 1 . The sample 
chamber was made from the Pyrex glass. The 
crystal was held between the graphite elec- 
trodes and mildly pressed by an alumina 
tube. Two calibrated alumel-chromel thermo- 
couples, which were kept in alumina tubes, 
were placed in contact with each electrode in 
order to measure respective temperatures as 
accurately as possible. At the start of each run 
the chamber was evacuated including the 
bromine trap which was held at liquid nitrogen 
temperature during this procedure. At 540^ 
the chamber was filled with the 70 mm Hg 
bromine gas. After annealing the crystal which 


e 



Fig 1. F.lectrode assembty emptoyed 1. To VHCUum pump; 2. Crystal; 3. Graph- 
ite electrodes: 4. Pyrex glass: 5. Atumina tubes; 6. Water outlet: 7. Water iniet; 
8 To bromine trap; V.a.c thermocouples. 10. Pt wires. 
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was immersed in this bromine gas atmosphere 
at 400‘’C for 1 2 hr, the thermoelectric power 
measurements were begun. Other experimen- 
tal arrangements and techniques were the 
same as before [6, 7], 

After the thermoelectric power measure- 
ments had been made each crystal was 
quenched in the bromine gas. The crystals 
were coloured slightly yellow. The optical 
absorption measurements of the crystals were 
made in the region of wavelengths from 200 to 
600 m/a at room temperature. 

3. RESULTS 

The thermoelectric power of a crystal at one 
temperature was determined from the slope 
obtained by plotting thermoelectric potentials 
against temperature differences. As a typical 
example the result of a crystal of KBr doped 
with 5'55x 10“'* BaBr.^ obtained at 500°C is 
shown in Fig. 2. In Figs. 3-6 the results of 
thermoelectric power, 6 , of the crystals are 
shown as a function of temperature, together 
with the results of electrical conductivities of 
the same crystals obtained under the bromine 
atmosphere by employing a d.c. method, the 



Fig. 2. Polenlial differences across a KBr + 5-55 x 10’* 
BaBrj at 500°C' plotted against the temperature differences 
recorded by the thermocouples. 


TwnfHratura ,*C 

5SO 900 490 



Fig. 3. rhcrmoelcctric power and electrical conductivity 
of KBr crystals both measured in bromine gas atmosphere 
as a function of temperature. 


Temperotvre , *C 



IOVt', ’k"' 

Fig. 4. Thermoelectnc power and electrical conductivity 
of KBr + 5'55 X 10~* BaBr, crystals both measured in 
bromine gas atmosphere as a function of temperature. 
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lO'/T , ’K ' 

I ij; “i rin.'im()clcclin. powci aiul clot'liital cimiliicliviiy 
ol N.iHi l;ly^t.lls holh im'.isutcd in hrcmtim.' gas .ilmos- 
phL'U' ri'i a liinilum ol Icnipcialmc 


Temperature , *C 



Fig 6. Thermncleulric power and electrical conductivity 
of NaBr + 2-5xlO ’ BaBr_. cryilais both tncitsiired in 
bromine gas atmosphere as a function of temperature 



200 300 400 

\,m/i 

lig. 7 Optic.il density (in arbitrary units) of KBr and 
KBiTS55<l(l' BaBr; employed in thermoelectric 
power ineasiircmenls in bromine gas (O) together with 
that ol iiiitrealed samples (— I as a fimclion of wavelength 

dclatls of which will be reported later. The 
experimental errors of these thermoelectric 
power measurements were about 5 per cent 
for all the crystals. 

f rom these figures it is seen that (1) the 
values of thermoelectric powers arc always 
negative and more negative with increasing 
temperature. (2) the thermoelectric powers of 
crystals containing barium ions are always 
more negative than those of pure crystals and 
(3) the values of electrical conductivities 
depend significantly on temperature, while the 
thermoelectric powers are insensitive to it. 
The last behavior is similar to that found in the 
measurements of the crystals of KBr and 
NaBr in which Pt- and graphite electrodes 
were used [6,7]. 

In Figs. 7 and 8 the results of optical 
absorption measurements at room tempera- 
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[■ig. X. Optical density (in arbitrary units) of NaBr and 
NiiBr+ 2’5 X 10 ' BaBr, employed in thermoelectric 
power measurements in bromine gas (0) together with 
that of untreated samples (— ) as a function of wavelength. 

lure are shown. The characteristic absorption 
maxima of the crystals, employed for the 
thermoelectric power measurements, are 
found in the ultraviolet regions and can be 
attributed to the excess bromine introduced 
into the host crystals [17,18]. 

4. ANALYSIS OF RESULTS 
The contribution of holes 
The results of the ultraviolet absorption 
(Figs. 7 and 8) display that the excess bromine 
is dissolved in the KBr and NaBr (pure and 
doped with BaBrj) crystals and its concentra- 
tions in the pure crystals are nearly the same 
as those in the BaBrj doped crystals. In the 
thermoelectric power measurements the 
bromine gas can be considered to be in 
equilibrium with the crystal as in the case of 


Mollwo’s experiment [17]. Under these 
conditions the contribution of holes has to be 
taken into consideration. If the transport 
number of holes were approximately esti- 
mated from the ratio of the hole conductivity 
to the total conductivity, then this value may 
be about 0 05 at 500°C for pure KBr; the hole 
conductivity obtained by IVIollwoll7] was 
about 2x 10'“n 'em'’ and the total conduc- 
tivity about 4 X lO'^ft 'cm'’. Then, the 
contribution of holes to the total current may 
be negligible within experimental errors. In 
the KBr crystal doped with BaBr.^ the total 
conductivity is much larger than that in pure 
KBr, so the contribution due to the holes may 
also be negligible. The same considerations 
may be expected in the cases of pure- and 
BaBr^ doped NaBr crystals. Thus, we arrive 
at the conclusion that the effects of lattice 
defects on the electrical properties of the 
crystals immersed in the 70 mm Hg bromine 
gas atmosphere may be similar to those in an 
inert gas atmosphere[6, 7]. 

2. Theoretical relations 

In the present thermoelectric power 
measurements the arrangement devised by 
Reinhold[I3] was used; 

M"\M\X.\ rMX (ox MX + M,X^ ) | rt ir-T;, 

M'\M''. (I) 

When ionic crystal. MX (or MX-t-M,X-,). 
being in contact with electrodes, M', is placed 
in a temperature difference, AT, at a tempera- 
ture, T. under a halogen atmosphere, X^, a 
thermoelectric potential. Ad», appears between 
leads, M", attached to the electrodes. In the 
present case M' corresponds to graphite and 
M''to Pt. 

The thermoelectric power, 0, of the system 
at zero current is given by 

« = Ad»/AT, (2) 

= ^Imm. M.V + ^lu-l..l/.l T 0.M"> ( 3 ) 

where is the homogeneous thermo- 
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electric power of the crystal MX arising from 
the thermal diffusion of lattice defects in the 
bulk, ^het.w* is the heterogeneous thermo- 
electric power caused by the difference in 
contact potentials between electrodes and 
crystals and 0,vr is the absolute thermoelectric 
power of metal leads. The values of Q nr for Pt 
have been obtained by Cusack and Kendall 
[37j. 

The expression for the helerogeneous 
thermoelectric power. Ahnw. has been given, 
in principle, by Haga[26|. The halogen atom 
in MX near the contact surface with graphite 
electrode is in equilibrium with that in the 
gaseous phase at the same temperature, so 
that 

(4) 

where and are the chemical potential 
of a halogen atom in MX and that of a halogen 
molecule in the gaseous phase, respectively. 
Further a reaction takes place at the contact 
between MX and graphite: 

-e , (5) 

whei'e (' denotes the electron, ( onsidering 
the electrochemical equilibrium for this 
reaction (.‘i), we obtain the expression for the 
heterogeneous thermoelectric power arising 
from the cell as follows: 

iM ~ (‘Vio A ^ J/2e, (6) 

where -e is the electronic charge, .S',„t is the 
entropy of a perfect crystal MX and 5v, is the 
entropy of a halogen molecule in the gaseous 
pha.se, which is expressed as 

(Av, = I atm.)-/? In Pf, (atm.). (7) 

Here, /? is the gas constant and is the 

pressure of halogen gas. A half of 5'«.v may be 
assumed to be equal to the entropy of a 
halogen ion in a crystal MX as proposed by 
Wagner[25]. Pitzer's modification [38], which 
may be better in the liquid state, has not been 


employed in this work. The values of S^x and 
were calculated from the experimental 
values of heat capacities [39, 40]. 

The expression for the homogeneous 
thermoelectric power of the crystal MX, 
Kim.ux- has been given previously [ 1 1] by 
means of irreversible thermodynamics 
[27-30]. The expression for a pure MX crystal 
containing the Schottky disorder, Ohm.xiA 1 )> >s 
given by 

Te0h.,m.*,.v(l)= [/(+)(0,*n + firo) 

-tUQt^ + hU)], ( 8 ) 

where 

/i]',, = /if-, = V/2 + Zjr,^ -i8e^(3 + 2j8/>) 
(l + dln£/dlnT)/4£(l+/3/?)^ (9) 

In equation (8) ?,(, and Q*^ are the transport 
number and the heat of transport of respective 
lattice defects. In equation (9) /i," is the heat of 
formation of a Schottky defect pair. The 
second and third terms on the right hand side 
of equation (9) represent the interaction 
between a cation vacancy and an anion vac- 
ancy in their nearest neighbour distance and 
the Coulomb interactions between these 
defects, respectively, as shown in paper I 
[ 1 1 j. These two terms were found to be much 
smaller than the first term in the temperature 
ranges under consideration. The expression 
for a crystal MX containing divalent impurity 
ions. ). becomes 

= (?*, + PX/(>+P). (10) 

where > 1 . In equation ( 10) /? is the degree 
of association and x is the heat of association 
between a cation vacancy and a divalent 
impurity ion. f is the ratio of the concentration 
of unassociated cation vacancies in an impure 
crystal to the concentration of cation vacan- 
cies in a pure crystal at the same temperature. 

3. Homogeneous thermoelectric power 
According to equation (3) the values of 
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Otiom m of each crystal can be determined by 
subtracting the values of and flhet.MJt from 
the measured thermoelectric power. In Figs. 9 
and 10 dhom.Mx for pure and impure KBr and 
NaBr crystals obtained in this way is shown as 
a function of temperature. In all the cases 
Shorn, M.v decreases with increase of tempera- 
ture. 


Temperature , *C 



Fig. 9, Homogeneous thermoelectric power of pure KBr 
crystals ( 0 ) and KBr crystals containing BaBrj (•) 
obtained from the measurements in bromine gas as a 
function of temperature 

4. Heat of transport 

The values of the heats of transport of 
cation vacancies Q*+), can be obtained from 
equation (10) by knowing the values of p and 
X, both of which have already been deter- 
mined for KBr crystals containing BaBr2[7J 
and NaBr crystals doped with BaBr2[61. In 
Table 1 the values of which are deter- 


Temperature.'C 



Fig 10 Homogeneous thermoelectric power of pure 
NaBr crystals (O) and NaBr crystals containing BaBrj 
(•) obtained from the measurements in bromine gas as a 
function of temperature. 

mined by considering changes in p, in ‘associa- 
tion’ and ‘dissociation* regions [41], are shown 
together with the values of x. and of the heat 
of activation for motion of cations, /i/. Owing 
to the uncertainties involved in p the values of 
Q*+t are dispersed. However, the absolute 
values of are not different from the 
values of /]+•'. 

The values of the heat of transport of anion 
vacancies, Pi*.,, can be determined by 
equation (8) using the values of the transport 
number of cation vacancies, f,.+),[42.43] and 
the heat of formation of a Schottky defect 
pair, ft;V,,[6, 7]. In Table 2 the values of Qf) 
are given together with those of t^+^, and 
the heat of activation for motion of anions, 
hJ. It is seen that is nearly independent 
of temperature. In the KBr crystals the 
absolute values of Qf) are in good agreement 
with the values oihJ. However, in NaBr both 


Table 1. Heats of transport of a cation vacancy for 
KBr (inc/NaBr crystals 


-(?V, <cV) 

Material Association Dissociation X ■ 

(/7=1) (p = p[T)<\) (eV) (eV) 


KBr 0-5±0'2 0-3 + 0-3 0-81 0-83 

NaBr 0-5± 0 1 0-4 + 0-1 0-62 0-80 
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Table 2. Heats of transport of an anion vacancy for KBr and 
NaBr crystals 


Mutcniil 

Temperuliire 

rc) 

he} 

-LT, 

(eV) 

, hi, 

(eV) 

hJ 

(cV) 


497 

0 7.r"> 

1 1 


1 ■04''-’ 

kBi 

^27 

l)-7l'" 

1-2 

1 20 


.S47 

0t>9'" 

1-2 




497 

„.9Vii) 

31 



NaHr 

.S27 

0'94"’' 

31 


M7"" 


.S47 

0-9.T"i 

3 0 
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vulueh are not in SO good agreement. This may electric power can be calculated using 
partly be due to the uncertainties involved in equations (3) and (6-10). In Figs. 1 1 and 12 
the transport number of anion vacancies. these theoretical values are compared with the 


5. UISCIISSION 
I . ReluTum hetn een Q* and h ' 

In order to interpret the heat of transport 
appearing in the phcnomenologictil equations 
we have developed a general treatment on the 
microscopic flow processes with thermal, 
concentration and electric potential gradients 
|ll,7| on the basis of the Fokker-Plunck 
equation|44.4.S|. This leads to the relation 
between heat of transport and heat of activa- 
tion for migration, 

= (ID 

where / is for lattice defects and r for corres- 
ponding ions. This is the same result as 
obtained for thermal diffusion by Allnatt and 
Ricel46J and by .Schottky[471. As pointed out 
in the previous section (sec Tables I and 2), 
the absolute values of 0,*,, and of (7,T, are, 
within experimental errors, in good agreement 
with those of hf and h. ‘. respectively. These 
results seem to satisfy the theoretical pre- 
diction. i.e. equation (11). 

2. Theoretical evaluation of thermoelectric 
power 

As described in Section 4, the total thermo- 


Temperoture , 



Kig. 1 1, Total thermoeleciric power of pure and impure 
KBr crystals using bromine ga,s electrodes as a function of 
temperature. Open circles represent the values obtained 
from the experiments and triangles those calculated from 
the theory 
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Fig. 12. Total thermoelectric power of pure and impure 
NaBr crystals using bromine gas electrodes as a function 
of temperature Open circles represent the values 
obtained from the experiments and triangles those 
calculated from the theory 

values obtained experimentally. It is seen 
from these figures that the sign and tempera- 
ture-dependence of theoretical thermoelectric 
power are in agreement with those of the 
experimental one. Since Q.,,- and theoretical 
^hetw.v iire of little temperature-dependence, 
the slopes may chiefiy be due to the effect of 
^hom.wY- But the experimental values are less 
negative in order of magnitude by about 0-4- 
0-6mV/°K than the calculated ones. The 
present calculation of 6thet.,v.\- been made on 
the basis of the Wagner’s expression [2.5], i.e. 
equation (6). But even if the Pitzer’s expres- 
sion [40] were used the differences were found 
to remain between 0-3-0'5 mV/°K. Then, 
these theoretical computations may be 
regarded as a measure of the sign and the 
temperature-dependence of the thermoelectric 
power. The difference may mainly be attri- 


buted to the estimation of especially 
the entropy of a halogen ion in a crystal. 
Another origin of the difference may be 
considered to exist in the experimental 
errors involved in the conductivity para- 
meters, such as transport numbers and 
degrees of association etc. 

3. Problems related to the results with non- 
halofjen electrodes 

From our previous thermoelectric power 
measurements done using inert Pt and 
graphite electrodes [6, 7] the absolute values 
of have been determined to be TO and 
0-75 eV for KBr and NaBr systems, respec- 
tively, which roughly agreed with the values 
determined by using bromine gas electrodes; 
0-5 ±0 2 eV for KBr and 0-5±0'l eV for 
NaBr systems. However, definite values for 
Q*-t were not obtained [6, 7] because of the 
unknown parameters involved in the hetero- 
geneous thermoelectric power, fluei arising 
from the contact between the crystal and the 
Pt or graphite electrodes. Therefore, the 
thermoelectric power measurement due to 
bromine gas electrodes has an advantage in 
that the heal of transport of an anion vacancy 
may be evaluated. 

In our previous studies[l 1, 7] it has been 
proposed that in alkali halide crystals being in 
contact with inert metal electrodes the 
electrons from metal electrodes may enter the 
region near the crystal surface and that can be 
trapped by some anion vacancies. From this 
the expression for fthpi has been given by 
equation (4.5) in paper I [II]. Assuming the 
formation of F-centres (corresponding to 
excess metallic elements) at the surface of the 
crystal, we find the relation 

e9^,,M)=-S,-d[kT\n{n/(0 

/«,_,(?) ll/flT, (12) 

which is equivalent to equation (4.8) in paper 
I. Here, S, is the partial entropy of the F- 
centre formation, n/ is the concentration of 
the f-centres at the surface of the crystal and 
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Temperoturg, "C 



Fiji 1 5. Heietogcncoiis thermoeleclnc power of pure and 
impure KHr crystals usmti Pi (O) or graphite (#1 elec- 
trodes its a I'linction of temperature. 

ft,- 1 is the concentration of an anion vacancy in 
the bulk of the crystal. When ^ = I theexpres- 


TempgfOture , °C 

TOO 6S0 600 550 500 



Fig 14 Heterogeneous thermoelectric power of pure and 
impure NaBr cry.slals using Pi (0) or graphite (•) 
electrodes as a function of temperature. 

sion for pure crystals, (1 ), is obtained. No 
reliable computation is now available for the 
respective parameters (except for n,.,) 
appearing in equation (12), but the values of 


Ttible Experimental results of thermoelectric power 
of KBr and NaBr crystals measured usinp Pt and 
graphite electrodes 


Material F.lcclrode 


graphite 

KBr 

Pi 


graphite 

KBr + 

BaBr. 

Pi 


graphite 

NaBi 

Pi 


NaBi -I- Pt 
BaBr- 


I'hcrnioeleelnc power (mV/°K) 


d= l-‘) 2 x i(p/r-l- 0-22 

I.SSO-tiSO'C) 

It - -4-61 X lO/T- 1X4 

(,‘ilh-693T) 


««-l-03xiOV/-0-72 

(4S5-67()°C) 

# = - l ■l)7x llP/r-0-30 

(550-64()T) 

P = -7l2x 10/7 - 1(K)4 

(446-670'‘C) 

tf = -l-59x |O7r-l-0-82 

(624-729“C) 

d = -7-52x WIT + 0-505 
(602-7m:) 
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e^et. can be determined using the values of the 
total 6 observed [6, 7] (Table 3), the absolute 
thermoelectric power of Pt lead wires[39] and 
the theoretical flhom. of the crystals. The 
results are shown in Figs. 13 and 14 as a 
function of temperature. These figures show 
that the heterogeneous thermoelectric powers 
for the crystals containing divalent cation 
impurities are nearly constant and those for 
pure crystals show some dependence on 
temperature and on electrode materials. The 
temperature-dependence observed for the 
pure crystals may partly be due to the 
uncertinties involved in the transport numbers 
which appear in the calculated homogeneous 
thermoelectric power. 
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MOSSBAUER EFFECT IN B8 ALLOYS OF NICKEL 
WITH >2isb AND 

H. Z. DOKL’ZOGUZt, L. H. BOWEN and H. H. STADELMAIER 

Departments of Chemistry and Engineering Research. North Carolina Slate University, Raleigh. 

N.C. 27607, U.S.A. 

{Ret ewed 23 Ot Utber 1 969) 

Abstract — Nickel forms intcrmetalhc compounds of the B8 (NiAs-Ni,.ln) structure with antimony 
(NiSb), tin (Ni.iSn,), and germanium (Ni,Gej) A continuous solid solution ol the same structure type 
exists between NiSb and Ni^Sn^ and, as discovered in the present study, between NiSb and Ni,Gej 
Both ""Sn and '“'Sh Mossbauer clfect measurements have been made on a series of compositions of 
the Ni-Sn-Sb ternary system, and the '*'Sb spectra have been taken for a series from the Ni-Ge-Sb 
ternary system. The isomer shifts for both "*Sn and '^'Sb show systematic variations within the first 
series, consistent with partial transfer of valence electrons from the non-transilion metals to nickel 
I he isomer shifts for '''Sh in the Ge system arc identical within experimental erroi with corresponding 
samples from the Sn system. Additional alloys have been studied to clarify the electron transfer 


occurring in these systems 

The study of the "‘'Sn Mossbauer effect in 
alloys of tin with transition metals, for 
example, palladium [ 1 1. [2] and platinum (3), 
has led to interesting and significant con- 
clusions concerning the local electron density 
al the tin site. Isomer shifts for ""Sn in the 
above binary metallic systems vary in approxi- 
mately linear fashion with transition melal 
concentration, as the a electron density shifts 
away from tin to the transition metal nucleus, 
although some fine structure was observed 
in the Pd-Sn system [2| and correlated with 
other structural information. 

Recent studies of the Mossbauer effect in 
""SbHJ, [5] have shown that the isomer 
shift for this nuclide has a much larger varia- 
tion (about 20 mm/sec range) than that for 
""Sn and consequently greater sensitivity to 
small variations in electron density. It was, 
therefore, of interest to apply this technique 
to an alloy system containing antimony and a 


•This work was supported by the National Science 
Eoundalion grant GP-St)K7. Based in part on the Ph.D. 
thesis in the Department of Chemistry. North Carolina 
State University, 1 969, of H, Z. Doktizogu/. 

tAmcncan Cyanamid Company, Piney River, Va. 
22964, U.S A. 


transition metal. Because of the interest in our 
laboratory in the B8 structure type and 
becau.se of the available structural information 
on the continuous solid solution of the B8 
type between NiSb and NuSnolfi], we have 
concentrated on this system in the present 
work. Besides having a well-defined structure, 
this ternary solid solution provides the oppor- 
tunity to observe easily the Mossbauer effect 
in two of the three components. In the course 
of this study, certain features of the Mossbauer 
spectra caused us to look for an alternate 
system of the same structure. Indeed, a B8 
type continuous solid solution was also found 
between NiSb and Ni,.,Ge.K and studied as 
well. 

The B8| structure, exemplified by NiSb. 
has the hexagonal unit cell shown in Fig. I. 
The Sb is surrounded by six Ni atoms at the 
apices of a right-trigonal prism, while the 
coordination about Ni is six Sb atoms in a 
distorted octahedral array, with two addi- 
tional Ni neighbors along the c axis. In the B8., 
structure, as for example NiTn. there are two 
Ni sites, Ni, being the same as in B8„ and 
Ni„ being the two additional positions which 
are unfilled in the 88, unit cell (Fig. 1). In 
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I'll! I Unil cell ol the Bh, Mruclure. 1 he alomie ariange- 
meiil lor NiSb is shown. Vacant positions occupicil by 
Ni„ in the B8. structure arc ,ilso mdieated as biokcn 
circles 

Ni...ln the Ni,| site has five close In neighbors 
at the apices of a trigonal-bipyramid. The 
compounds Ni,Sm and Ni,.|Gej lie midway 
between BK, and B8.., and have half the Nip 
sites filled. 

A separate X-ray diffraction study compar- 
ing calculated and observed structure factors 
verified the following assumptions concerning 
the atomic arrangement in the ternary alloys.* 
In both NiSb-Ni:,Sn., and NiSb-Ni^Geo, the 
tin or germanium atoms are substituted into 
Sb positions. The csccss nickel fills the Nip 
position partially. Even in the germanium 
alloys the structure factors are not sensitive 
to ordering between germanium and antimony, 
so It is uncertain whether the atom replacing 
antimony is ordered. The tin ternary alloys 
are slightly distorted into a lower orthorhom- 
bic symmetry not reported by Ciladyshevskii 
and Cherkashin(6]. The ratio a to b of the 
orthorhombic lattice constants is very close 
to I/V3. The germanium alloys remain truly 
hexagonal throughout the composition range. 

Structural information on the systems of 
interest here is summarized in Table 1. We 


*R. A Jones and H H Stadelmaier, unpublished 
research. 
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Table I. Lattice parameters for alloys of 
the B8 type 


Alloy 

V 

a 

da 

Reference 

NiSb 

S' 137 A 

3-936 A 

1-305 

(b) 

Ni-iSiij 

5182 A 

4 no A 

1-261 

(b) 

1 (Sn)'"' 

5-149 A 

3-975 A 

1-295 

(b) 

II (Sn) 

5 151 A 

4-040 A 

1-275 

(bl 

lll(.Sn) 

5-167 A 

4-080 A 

1-266 

(b) 

Ni,Ge, 

5-0.34 A 

3-964 A 

1-270 

(0 

1 ((ic)''" 

5-I3I A 

3-906 A 

1-314 

(d) 

II (Cie) 

5 118 A 

3-883 A 

1-318 

(ti) 

IIKGe) 

5 -029 A 

3-861 A 

1-.302 

(d) 


'"’The alloy designated KSn) has the composition 
II (Sn) is Nio5spSti(i.2aiSbi,.j22, and 
llllSn) IS Ni|,..,„.Sni, n.iSb„.,i,|. The alloys KGe). II 
(tie), and IlltCie) have corresponding atomic com- 
positions with tie replacing Sn 
"‘’PEARSON W. B . d Huiidbook oj Lattice Spacirigs 
and Striiclure.'i of Metals and Alloys. Vol. 2, p. 1139 
Pergamon Press, Oxford. 11967). 

"■'/hid. p 979. 

' This work 

have also included our values for the lattice 
constants of the Ni-Ge-Sb ternary system, 
previously unreported. In addition to the B8 
alloys, we also studied the compounds Ni^Sb 
and SnSb to provide additional information 
on the electron distribution in the Ni-Sn-Sb 
system. 

EXPERIMENTAL 

Preparation and characterization of com- 
pounds 

The materials were prepared using 99-80% 
pure Ni, 99-99%; Sn, 99-999% Ge, and 99-98% 
Sb. Each compound was obtained by melting 
the components in a sealed quartz glass cap- 
sule evacuated to lO'^mmEIg, followed by 
slow cooling in air. After checking for weight 
loss, the sample was sectioned, and one part 
polished by standard techniques to be 
examined with a metallographic microscope 
for phase purity. If pure, the other part of the 
sample was crushed and passed through a 
— .fZ.*) mesh screen to obtain a powder less 
than 43 p in dia. for X-ray and Mdssbauer 
measurements. The SnSb sample was heat 
treated for 48 hr at 300°C. The NiuSb was 
melted at 1500°C, followed by a 24 hr anneal 
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at 1000°C and quenching in water. The 
resulting material was very hard and ductile 
and could not be powdered as the other 
materials, but only be crushed into small 
chunks. No X-ray pattern was taken of this 
material, but microscopic examination 
showed only a single phase. Tiie X-ray diffrac- 
tion patterns were obtained with a 114-6 
mm dia. powder camera, using filtered Cu 
radiation. In those cases where lattice para- 
meters have been reported, the interplanar 
spacings observed were in agreement within 
0-005 A. For the Ni-Ge-Sb ternary series, 
the indexed X-ray patterns were used to 
calculate the values of the unit cell parameters 
reported in Table 1. 

Miisshauer spectra 

An SnO.; source containing approximately 
lOO^xf each of """'Sn and '^'Sn was used. The 
same source therefore could be used for both 
'“'Sn and ''^'Sb Mossbauer spectroscopy by 
isolating either the 24keV "*""Sn gamma or 
the 8 keV escape peak from the ''“'Sb 37 
keV gamma. A xenonmethane proportional 
counter, an Austin Science Associates con- 
stant acceleration drive, and Nuclear Data 
5 1 2 channel analyzer were used. The velocity 
scale was calibrated with a Pd (”Col source 
and I mil iron foil (New England Nuclear 
Corp.). All spectra except for the standards 
were taken at liquid nitrogen temperature for 
both source and absorber ( 77-84°K). 

The NiijSb had to be measured in the form 
of small irregular chunks. All other materials 
were mixed in powder form with powdered 
dextrose, and sealed in Lucite such as to give 
a uniform thickness of about lOmg/cm^ 
Sb or Sn, depending upon which spectrum was 
being observed. 

Analysis of data 

Enough counts were collected in each case 
except NiijSb to give a signal/noise ratio of 
25-30. The mirror images of the spectrum 
were folded and fitted to one or more Lorent- 
zian curves, using the Triangle Universities 


Computing Center IBM 360/75. In the case 
of ""Sn spectra, the two Lorentz peaks of the 
quadrupole doublet were constrained to have 
equal intensities and widths. This constrained 
fit was equally good as that when the two 
peaks were not constrained and gave consis- 
tently more realistic widths. In no case was 
there evidence for the eight-line quadrupole 
splitting of '“’Sb. 

In addition to the computer-generated 
errors, other errors have been estimated for 
reporting the data in Tables 2 and 3. These 

Table 2. ’’"Sn Mossbauer parameters. All 
isomer shifts (IS) are relative to the '"’SnOj 
.source. For conversion to an a-Sn scale, 
subtract 2-2S mmisec. The observed split- 
tinfi between the symmetric doublet is 
Hiven as the quadrupole splitting (QS). The 
full width at half maximum (D of an 
individual peak is reported 


Absoiber 

I.S 

(mm/sec) 

QS 

(mm/sec) 

L 

(mm/sec) 

Ni.iSn.. 

2- 15 + 0-04 

1-20 ±0-08 

1 26 + 0-06 

IIKSn) 

2-21 ±0-04 

1-24 ±0-08 

1-41 ±0-06 

II (Sn) 

2-25 ±0-04 

1-25 + 0 08 

1-32 + 0-06 

1 (Sn) 

2-31±0-04 

l-13±0-08 

1-42 ±0-06 

j8-Sn 

2 90 + 0-04 

0-522:0-08 

0 92 + 0-06 

SnSb 

3-09 ±0-05 

0 49±0-l0 

1-I5±0-07 


Table 3. '“’Sb Mossbauer parameters. All 
isomer shifts (IS) are relative to the '“'SbOj 
source. The full width at half maximum fP) 
and observed percent effect (e) are also 
reported. For conversion to an InSb scale, 
8-15 m/M/sec should be added to the given 
IS values 


Absorber 

IS 

(mm/sec) 

r 

(mm/sec) 

( 

{7r) 

Sb 

- 11-21 ±0-07 

2-85 ±0-07 

6-07 

±006 

SnSb 

- 10 l0±0-07 

3-02 ±0-08 

5-08 

+ 006 

NiSb 

-8-42+0-06 

3-49±0-08 

5-57 

±0-06 

l(Sn) 

-8-02 ±0-06 

3-19±0-08 

5-05 

±0-06 

KOe) 

-8-02 ±0-05 

3 20 + 0-06 

10-83 

+0-08 

II (Sn) 

-7-85 ±0-06 

3-94 ±0-08 

4-.34 

±0-04 

II (GO 

-7-87+0-05 

3-30 + 0-07 

11-06 

±0-09 

lll(Sn) 

-7-52 + 0-06 

3-27 + 0-08 

4-61 

±0-05 

III (Go 

-7-61 ±0-06 

2-%±0-07 

10-73 

+0-10 

Ni|,Sb 

-5-92+0-13 

5-0 + 0-40 

1-01 

+ 0 04 
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include errors in the velocity calibration, 
errors in folding the spectra, and errors in 
zero velocity determination. 

RESULTS 

A summary of the Mdssbauer parameters 
determined is given in Tables 2 and 3. It 
should be pointed out that when the quadru- 
pole splitting for ""Sn is QS = e‘qQI2 = 1-25 
mm/sec (largest observed here), and assuming 
the field gradient q is the same for both Sn and 
Sb in a given type of compound, the separa- 
tion in the eight-line quadrupole spectrum of 
'"'Sb would be on the order of (’‘’qQl4, where 
(3 = — 0()7 barn for "“Sn[71 and —0-26 
barn for '‘"Sb|4]. This gives about 2 3 mm/sec 
as the '-'Sb splitting, or the same magnitude 
as the theoretical width of 2T mm/scc|7|. 
Thus, it would be surprising to find observable 
quadrupole splittings for '-'Sb in these 
alloys. The observed line widths for '-'Sb 
are generally larger than theoretical, but not 
overly so considering the finite absorber 
thickness and imperfect nature of the source, 
as well as the unresolved quadrupole splittings. 

Ihe quadrupole splittings ((>5) observed 
for ""Sn (Ttihlc 2) fall into two categories. 
In the case of j3-Sn and SnSb. the splitting is 
small and of the same magnitude as the spliil- 
ing in the source. However, in the four 
compounds with nickel, the splitting is de- 
finitely present in the absorber. C onsidering 
the B8 structure, with its trigonal prismatic 
site for Sn and with a varying number of 
occupied Nin sites, it is expected to find QS. 
The lack of any appreciable variation in QS 
among the foui B8 compounds indicates the 
symmetry of the electron distribution about 
Sn is not appreciably affected by filling in 
Ni]| sites. 

The absorption intensities observed for 
""Sb were large and easily analyzed (Fig. 2). 
One surprising result for the Ni-Sn-Sb 
system was the appearance of a second peak 
at about 2 mm/see, which increased in 
intensity as Ihe relative amount of Sn increased 
(Fig. 3). The widths of the peak at 2 mm/sec 




hn: 3 '^'Sh Mos.sbaiicr spegtra for Ihc alloy', in ihe Ni- 
Sn-Sb lernar ;,ysteiri. The data points have been omitted 
foi clarity, but have a similar scatter to those shown in 
I ig. 2 The appearance of a second peak at 4 2 mm/sec 
is due to ''“Sn absorption, not '''.Sb (see discussion in 
Results section) 
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were generally smaller than those of the one 
at -8 mm/sec. A small second peak at 3 
mm/sec was also observed for SnSb. This 
second peak was the object of much specula^ 
tion. However, its cause was resolved after 
several months. The obvious possibility of 
oxide coating or other phase impurities was 
ruled out by careful microscopic and X-ray 
analysis. Upon retaking the spectrum of alloy 
lll(Sn), which had the largest second peak, 
that peak was reduced in intensity. It was then 
realized that the peak appeared only when Sn 
was present in the absorber, and that the 
reduction in intensity was consistent with the 
250 day half-life of "”’"Sn. Indeed, a peak 
at 2 mm/sec was also then observed for 
Ni^Sm, which could not exhibit '^'Sb absorp- 
tion. Thus, the second peak is due in all cases 
to ""Sn resonant absorption. Because the 
single channel analyzer is set for the escape 
peak from '“'Sb at 8 keV, part of the back- 
ground in the channel is due to "*"'Sn 24 
keV gammas that have been degraded in 
energy by Compton scattering in the absorber, 
or have deposited only part of their energy in 
the detector. Since resonance in the absorber 
is possible before these events, the appearance 
of a ""Sn absorption peak is understandable 
in a relatively new source with both activities 
present. 

Plots have been made in Figs. 4 and 5 of 
isomer shift vs. atomic percent nickel. To a 
first approximation both the ""Sn and '^'Sb 
plots are linear. The '-'Sb isomer shifts for the 
corresponding Ni-Ge-Sb and Ni-Sn-Sb 
ternaries are the same within the experimental 
error. The opposite signs of the slopes for 
""Sn and *^'Sb are expected, as the nuclear 
radius difference between excited and ground 
state has the opposite sign in the two nuclides 
[4]. Other similarities may be noted. The 
""Sn isomer shift for «-Sn (2-25 mm/sec) 
[8] and the '^'Sb isomer shift for InSb (— 8-15 
±0-06mm/sec) each lie at about 50% Ni on 
the plots in Figs. 4 and 5. If one assumes an 
electron configuration of 5s'p3 for each of 
these [4], the ternary alloys also have a 5.y 



Fig. 4. Isomer shil'i vs atomic percent nickel for ""Sn. 
The point for the dilute solution of Sn in Ni was taken 
from Cordey-Hayes M.. Chemical Applications of 
Mos.shaucr Spectroscopy (Edited by V I Cioldanskii 
and R. H. Herber). p. .526. Academic Press. New York 
II96S). 



Fig. Isomer shift vs. atomic percent nickel for '"Sb. 

electron density of about one at both Sn and 
Sb nuclei. The graphical calibration of Ruby 
ei <i/.[4] can be used to determine the total 
5 s electron transfer from Sn or Sb to Ni if 
certain assumptions are made. The isomer 
shift from the configuration 5 sV'' 'o V 
is approximately —22 mm/sec for '"'Sb and 
4-3-8 mm/sec for ""Sn from the graphs(4]. 
The slopes of isomer shift vs. atomic percent 
Ni are— 1-25 mm/sec for ""Sn and 5-91 for 
'"'Sb (Figs. 4 and 5). A'ssuming a constant 
5 if shielding, the 5 s electron transfer which 
occurs between 0 and 100 atomic percent Ni 
is therefore about 0-7 for Sn and 0-5 for Sb. 
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Ignoring p shielding, the corresponding r um- 
bers would be 0-5 for Sn and 0-4 for Sb. In 
both cases, the slopes are in the direction of 
decreasing 5 s electron density with increasing 
Ni content. 

Upon closer examination, the '^'Sb isomer 
shifts for the ternary compounds 1,11, and 1 1 1 
seem to lie slightly off the line through the 
binary Ni-Sb paints (Fig. 5), in the direction 
of higher 5 ,v electron transfer away from Sb. 
The indication is that Sb in the B8 ternary 
alloys loses 5 s electrons somewhat more 
easily than in the binary compounds. With the 
lower precision available for isomer shift 
determination in the ""Sn spectra, a corres- 
ponding effect for Sn cannot be observed. 

The behavior of the Sn and Sb in these 
alloys is similar to that of Sn in Pd-Sn[l], 
[2J and Pl-Snf.fJ. In the latter cases, it was 
concluded that some of the 5 .v electrons are 
transferred from Sn into the unfilled <^-bands 
of the transition metals. 

It is reasonable to assume that the 3J-band 
of the Ni atom also is filled in the Ni-Sb and 
Ni-Sn systems by transferring 5.v-electrons 
from Sn and Sb. According to Crangle and 
Martin 1 9| the magnetic amount of Ni de- 
creases linearly with increasing atomic percent 
Sb and Sn in dilute binary solid solutions. 
From their plots, it can be inferred that the 
magnetic moment vanishes around 8 atomic 
percent Sb and 9% Sn in these systems. They 
interpret their results first by assuming that in 
pure Ni the number of unoccupied 3r/-states 
per atom is about 0-55. Then, they calculate 
the number of electrons transferred to the 
unoccupied 3J-band of Ni from the Sn and 
Sb atoms to be 3'29 and 4-27, respectively. 
The remaining 0-7 valence electrons are 
assumed either to be transferred into non- 
magnetic conduction levels in the alloy, or 
remain bound to the Sn and Sb atoms. 

Pearson ( 1 0] points out that in compounds 
having B8 type structure the electrical 
properties vary with their da ratios. On the 
basis of existing electrical and magnetic 
properties, he concludes that when da is 


much less than 1-50 (this ratio is 1-63 for a 
perfect B8 structure in which the Ni atoms are 
in precisely octahedral holes) metallic 
conduction occurs. In all of the B8 type com- 
pounds and alloys studied here this ratio is 
well below F50 (see Table 1). Therefore, one 
expects them to be metallic due to the forma- 
tion of a 3t/-band as a result of interaction 
between 3d shells of Ni. Based on the 
ob-served Ni-Ni distances, Dudkin[ll] 
also concludes that NiSb is metallic. From the 
isomer shift values and the magnetic data it 
can be concluded that some of the 5 5 elec- 
trons are transferred from Sn and Sb partially 
to fill the 3d-band of Ni, and partially to go 
into nonmagnetic conduction bands of the 
alloys. 

Considering the above information on 
electron transfer from Sn and Sb to Ni. it 
was of interest to determine the isomer shifts 
for both components of the binary SnSb, to 
see what effect removing the transition metal 
d-bands would have on the electron transfer. 
Of course, SnSb does not have the B8 
structure, .so that an exact comparison cannot 
be made. The X-ray pattern for this alloy 
agreed with that of Hagg and Hybinette 
[12), that of a rhombohedrally distorted cubic 
structure. Since the atomic scattering factors 
of .Sn and Sb are similar, it is impossible to 
know whether the two are ordered in a dis- 
torted NaCI array or arranged randomly on 
the lattice points. The small quadrupole 
splitting observed for Sn in this alloy (Table 2) 
suggests a symmetric local environment. 
The isomer shifts for Sn and Sb fit well with 
the proposed electron transfer scheme for the 
B8 structures. The ""Sn spectrum for this 
alloy has been reported previously [1 3] 
and our isomer shift (IS) value of 3'09±0 05 
mm/sec is in excellent agreement with the 
earlier determination, after correcting for the 
difference in source used. The IS for '^'Sb 
of - 10TO± 0-07 mm/sec has not been 
previously reported. Comparing these values 
with those of the pure elements (Tables 2 and 
3), it is seen that both the SnSb IS values are 
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more positive than those of the metals. 
Considering the difference in sign of the 
nuclear radius change, one can say the 5 s 
electron density at the Sn site is greater in 
SnSb than in j3-Sn, whereas the density at the 
Sb site is slightly less than in Sb. The IS value 
for '^'Sb in SnSb reported here is essentially 
the same as that reported for a dilute solution 
of Sb in )3-Sn[14]. In both cases the Sb 
presumably has near neighbors of Sn. The 
small electron transfer indicated by the IS 
values occurs from Sb to Sn. 

Thus, it appears that the transition metal is 
necessary for any large amount of electron 
transfer to occur. It can be expected that in the 
dilute solution range, before the Ni t/-bands 
are filled, both IS values for ""Sn and "'Sb 
will be constant, as observed for the Pd-Sn 
system [2]. The fact that the s electron 
transfer calculated for Sb to Ni is somewhat 
less than that for Sn over the entire range of 
compositions is perhaps to be expected on the 
basis that Sb has more valence electrons, and 
a transfer mechanism would logically involve 
a smaller s character on a percentage basis if 
the additional valence electron were primarily 
p, and if Sb and Sn are behaving similarly 
toward Ni. The detailed structure in a metallic 
system is apparently a minor factor in elec- 
tron localization. However, the transition 
metal d-bands seem to be filled at the expense 
of any non-transition metal present. It also 
appears that both s and p electrons are 
transferred from the non-transition metal. 
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Abstract -The theoretical treatment of impurity problems is generally restricted to cases involving 
interactions of short range. We present here a discussion of the long range case and show how certain 
of the impurity terms may he treated exactly. One term remains intractable, however, hut it is shown 
that, under some circumstances, this may to a good approximation be neglected. In particular the spin 
wave spectrum of the rare earth alloy Tb-Ho is considcicd. a system in which the angular momenta 
are coupled by the long range Rudermann-Kittel interaction, and in which resonant magnon modes 
have been observed experimentally A discussion is also given of the likely behaviour of spin waves in 
other I'b-rare earth alloys. 


1. INTRODUCTION 

Theoretical studies of the effect of impuri- 
ties on the spectrum of elementary excitations 
in solids have in most cases been limited to 
cases in which the perturbation due to the 
impuritie.s is of short range. The simplest 
cases are ( I ) the lattice vibration problem in 
which the impurity mass is different from the 
host mass-e.g. Montroll and Potts[lJ. 
Mahanty et al.[2], and (2) the electronic 
problem in which an impurity introduces a 
perturbing potential localized to the defect 
site itself- e.g. Koster and Slater[3J. The 
slightly more complicated case is treated in 
the paper of Wolfram and Callaway[41. They 
considered the spin-wave spectrum of a simple 
cubic ferromagnet with nearest neighbour 
exchange coupling. Associated with impurities 
are changes in spin and coupling constants. 
Their problem reduced to one of matrix 
algebra involving 7x7 matrices. Because of 
the point symmetry of the defect site the 
problem was further simplified by a little 
elementary group theory. 

As the range of the defect potential in- 
creases, so also does the dimensionality of the 
matrices involved, and the problem rapidly 

‘Present address: Dept, of Physics and Astronomy, 
University of Maryland, College Park, Md, 20740, U.S.A. 
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becomes too difficult to handle by the Wolfram 
and Callaway method. This is in fact the case 
in the Tb-Ho alloys studied by Bjerrum M0l- 
ler et (t/.[51, where the exchange coupling is 
due to the Rudermann-Kittel interaction. 
They studied the spin wave spectrum of this 
alloy and observed what appears to be a 
resonant state within the magnon band. 

In this paper we discuss the extended per- 
turbation single impurity problem using a 
Hamiltonian appropriate to the Tb-Ho 
system. It is shown that immediately tractable 
single site perturbation terms occur (mainly 
due to the anisotropy), and also troublesoipe 
long range terms appear due to the exchange. 
An account is given of the source of these 
long range terms and a method described 
whereby some of them can be manipulated 
into a tractable form. A final unmanageable 
term remains, however, which prevents an 
exact solution of the problem. It is suggested 
that under appropriate conditions this may be 
justifiably neglected. 

The only other papers dealing with long- 
range interactions in impurity problems are 
those of Elliott and Taylor[6] (Debye model 
of phonons). Hermanson[7] (excitons), and 
Page and Strauch[8] (U-centres). Page and 
Strauch have developed a method of dealing 
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with the vibrations of charged impurities with 
long-range Coulomb interactions in crystals, 
which is in many ways analogous to ours. In 
fact they find that they can only treat a part of 
the long-range interaction which occurs in 
ionic crystals[9], and we can only treat a 
similar part in the general case (see Section 4). 

2. SPIN-WAVKS IN PURE TERBIUM 
Below 216°K terbium orders ferromag- 
netically with all moments aligned in the 
basal plane of the hexagonal close packed 
lattice, and at 30“ to the direction joining 
nearest neighbours. The simplest Hamiltonian 
that will provide a description of the system 
is of the form 

t. i in 

n.H 

- + (2.1) 

(c. li are labels of the atoms in unit cells S 
i.s the total angular momentum operator; 

is the indirect exchange parameter de- 
scribing the coupling between spins on sites 
R " and R,". It is defined with = 0, so that 
we can lake the unrestricted sum. The remain- 
ing terms arise from the crystal field aniso- 
tropy. The r-dircetion is along the hexagonal 
('-axis. With B and G positive the tendency is 
for alignment along the ,v-direction. 1 he crystal 
field terms in iV' ^md .V/ are neglected for the 
moment. I'heir effect is discussed later, how- 
ever (see Section .5(2)). Within the spin wave 
approximation the usual transformation to 
boson operators is made: 

S‘u = s - (1 ,;((,„ 5 i', = ( 2.V ) ''^((,„ 

( 2 . 2 ) 

= S‘] = l2.'))'«(/^„ 

The Hamiltonian (2.1) is written in bilinear 
form: 

H = const. -5 ^ Jf cit,aj 

/.J 


DC 

+ ^-^(ata + • (2.3) 

Using the canonical transformations of Niira 
[10] and Oguchi[ll], the Hamiltonian (2.3) 
can be diagonalized -see, for example. 
Lindg&rd el u/.[12]. An expression for magnon 
energy eigenvalues. Xjn, is obtained: 

Xi, = .yK-+2(5-(-21(75^)a>,, 

+ 12GS*{B + ^GS^)y'^ (2.4) 

where 

= (2.5) 

i denotes the spin-wave branch. In (2.5) the 
upper sign refers to the acoustic and the lower 
sign to the optical magnon modes. The Fourier 
transforms of the exchange parameters are 
defined by: 

~ fi) • J k _ I ae 

{a^li)-.Jk " 

= 2 ./(f c'l'. (R.o-R/). 

(I- ji 

3. PERFECT CRVSTAL GREEN’S FUNCTIONS 
It is convenient to set up the problem in a 
Green’s function formalism. We employ the 
double-time, temperature-dependent, retarded 
Green’s function as discussed in the review 
paper by Zubarev) 13], For example, the 
Green's function for the operators A(t) 
and B(l'). which are in the Heisenberg 
representation, is defined by 

{{A{iy.B(l'))}=~iB{t-l'){[A{t),B{t')]). 

(3,1) 

(. . .) indicates an average over a grand 
canonical ensemble, and 9{t) is the step func- 
tion. Since we are dealing with boson opera- 
tors we use the commutator of the operators. 
The properties of the Green’s functions can be 
determined by the equations of motion: 
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B{t)]) + {{[A{t),H{t)]-B{t'n. (3.2) 

It is convenient to work with the frequency 
transform throughout, defined by 

00 

/ e'“'<(/((f);B(0))>dr. (3.3) 

— 00 

In (3.3) w is understood to have a small 
positive imaginary part. We will use units in 
which ft = I. 

The following four types of magnon operator 
Green's functions are defined: 


(it + 5(w.2t+$) 5^ \ 

—5^ ft)— 

Xe»"''-*J. (3.7) 

In (3.7) the upper sign refers to a = /3, and the 
lower sign loa ^ p. 

4. IMPURE CRYSTAL GREEN’S FUNCTIONS 
Let us consider now a single impurity 
introduced in a unit cell I = 0. and on sublattice 
9. Suppose the presence of the defect causes 
the following changes in the parameters of 
the problem: 


g= h={{a\a))^. ^ ^ 

By use of expressions (2.3), (3.2) and (3.3) it 
is straightforward to set up the equations of 
motion of the Green’s functions of (3.4). They 
are conveniently grouped together in one 
matrix equation of the form 


iwi-p Q yy ^ 

\ Q o,l + p},\-h -g),r lo //„. 


where 


(3.5) 


p?/ = (y„+y:,) /f/] 

Pfi ~ 

<t> = B + 2\GS* 


S S'; B ^ e': C G’: /Sf. 

To simplify matters it will be assumed that the 
change in J is by a numerical factor only: 

i.e. /if = fjiJSf-. 

The most obvious value of /x for this problem 
is the ratio (X' - l)/(\- 1 ). where X and X' 
are the Lande factors of host and impurity ions 
respectively. The appearance of the factor 
(X- 1)^ in the indirect coupling between two 
ions of total angular momentum S (see 
de GennesfU]) is replaced by (X- 1)(X'- 1) 
when one of the ions has total angular 
momentum S'. To the Hamiltonian (2.3) is 
thus added the perturbation: 

//<.e,«-. = -Vs(^iVs'-vs) 


'lr=B-15GSL 


(3-6) X 2 UtaU(K)) 

ux 


It is then a simple matter to invert (3.5) to 
obtain the perfect crystal Green's functions 
explicitly: 

f, 

-i> -shj 

/a) + 5((aiit+ 0) 5'L \ 

^ j \ -5^ 0) - 5 (cuu + <!>)/ 


+ 2 •/» [ ( (t'S ' - 5 ) + 5 ( JU - I ) 

t.a 

+ 2 [-i(fl'5'-B5)(ai,-o„«)H(G'5'^ 

— G5*){6ai)jai)(+ V (aoo+ Uo#)'}] . (4. 1 ) 

The Green's functions in the presence of 
impurities are denoted by capital letters. Note, 
we have used the symbol G to denote both a 


* 
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Green’s function and an anisotropy constant. 
This is to accord with conventional usage. No 
confusion should arise, however, as the mean- 
ing will always be clear from the context. The 
perturbation (4.1) produces additional terms 
in the equations of motion and (.T5) is modified 
to the form 

W/-/P Q yV a ;/y« 

Q + I-// -OV,, 

// oy"'_ // ov'"/./ 

/ O' ij oyY o Uy 

^\~H -OA, "lo I-// 


/ JG JHY 
\-JH -JGj„, 


' fij o\ 

-hJ-iiJliAo a) 



ibj 0 yv G wy" 

^\o ~bj),„[-H -gIw 


Denoting the 2X2 pure and impure crystal 
matrices by y and I' respectively we may write 
(4.6) in the simpler form 



where 

II =■ V.s"(mV 6~- V.Y); fi == iJiS'-S 
A, -- IIS) + ISiG'S'-'-GS-') 

A,- iB'S'-BS) i 2\(G'S'''~GS-') 

4.S'(m- l)(T, + d;). (4.3) 

The second term on the right-hand side of 
(4.2) may be simplified by summing overhand 
y and introducing modified Green’s functions 
defined by 

{JGV,i!---J?/Gl<!. (4.4) 

A corresponding set is also defined; 

(0./))'/) = o;7./jA (4..'i) 

■('hus we may write (4,2) in Dyson form as 


r)'/'-ymyi;(>K,i’[!)l+y)lfK2(7r)!!f. 

+ (yV)ilfK,l’[if'- + yMT^ (4.7) 

where 



0 = 


hj O 
O -bJ, 


(4.8) 


Fquation (4.7) approaches still nearer to a 
familiar form if we obtain the equation of 
motion for the Green's function matrices 
(71) and (I'./), and al.so another one (JI’J). 
These are combined in a single 4x4 matrix 
expression: 



' G g i’Y\( g M"" 

-// -G/ir l-fi -~g/;r \-h -g/,« 



(I ryy-> 

[j\' JUl,. (4.9) 

The 'V' part of (4.9) looks very much like the 
expression obtained in the ‘isotopic’ impurity 
problem, and it can be handled in a similar 
way. 

it is useful to make a comparison with the 
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work of Wolfram and Callaway [4], The 
defect matrix (equation (27) in their paper) has 
dimensions z + I Xz + 1, where z is 6 in the 
simple cubic case. Its only non-zero elements 
are down the diagonal and along the first 
row and down the first column. The corres- 
ponding quantity in our case has the same for- 
mat but the dimensionality is very large 
because of the long-range of the interactions. 

In the above manipulation we have managed 
to include all the nondiagonal terms and the 
(00,06) diagonal element in the ‘T’ part of 

(4.9). The remaining diagonal terms form the 
'Ll' part. It is fairly clear that this treatment 
will enable us to deal with all the 'V' terms 
exactly, but the 'U' terms are still intractable. 
The origin of the various impurity terms can 
be understood from the perturbation expres- 
sion (4.1). The terms within the third summa- 
tion are the single ion anisotropy contribution. 
This part of course is straightforward to 
handle as it is just a point defect problem. The 
spin-flip part of the exchange {JS^S~) gives 
rise to the first summation in (4.1). It is this 
part that is responsible for all offdiagonal 
elements of the impurity matrix. These, as 
has been stated, can he dealt with exactly, and 
are contained in the 'V' part of (4,9), The 
remaining terms in (4. 1 ) come from that part 
of the exchange term of the form (where 
v is the axis of quantization. In terms of boson 
operators it is made up of two parts, one 
containing only the operators for the impurity 
site, and the other in terms of operators for 
the host lattice sites. Performing the summa- 
tion over i and o, the impurity ion part looks 
like a single ion term and can be treated on the 
same basis as the anisotropy terms. This ac- 
counts for the /i-dependent part in (equa- 
tion (4.3)). The remaining term, which occurs 
as 

l.<x 

in the defect Hamiltonian (4. 1 ), gives the 'U' 
term in (4.9). 

It is of interest to see if, under any circum- 


stances, we can approximate by dropping the 
'V' term completely, and taking the 'V' term 
only as the perturbation. We have examined 
the effect of doing this on the short range 
coupling case of Wolfram and Callaway [4], 
Using their notation, the exact condition for 
an .v-like resonant or localized mode is (their 
equation (42) 

-l + (l-(r)'.4,,(£-3) 

* 3‘.4„+'-^,2((o-1)(E-3) + (£-6)} 

(4.10) 

where e = ( J' - J)IJ, and o- = S' IS. J is the 
exchange constant between host atoms, and 
J’ that between the impurity and the host 
atoms. If we drop the diagonal ‘U' term and 
look for the approximate resonance condition 
a quadratic equation in € is obtained whose 
roots are 

e = 

3(//, , - 2(7-.!^ , ,) ± V| 9'.fi I -FI 2(r( £ - 3)1^, ,i4 , ,] 
6(T,4 ,2 

(4.11) 

In their dimensionless units the bottom of the 
band is at energy £ = 3 and the top at £ = -3; 
.0,, and ■</,., refer to the real parts of the 
Green's functions defined in their paper. To 
obtain a true resonance one also requires 
that its width is positive. A determining 
condition for this in the exact case is for the 
derivative of the resonant e with respect to 
energy, de/d(-£), to be positive. With modes 
whose width is negative, one gets a dip rather 
than a peak in the density of states. These 
‘anti-resonance' states do not concern us here, 
however. We have compared the values of e 
obtained from the exact expression (4. 10) and 
the appropriate root of the approximation 

(4.11) for a number of different m, viz. 3/7, 1 , 2. 
The conclusion reached in this analysis are 
very interesting and can be summarized as 
follows: 

(a) For (T = 1 and 2. resonant states exist 
only in the lower part of the band (between 
energies 3 and ~ 1 ). The agreement between 
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the two expressions is to within 1-5 per cent 
over the whole energy range, but for the most 
part it is better than 0-2 per cent. This is not 
shown in diagrammatic form as the two curves 
are virtually indistinguishable. 

(b) For o- = 3/7. resonant states exist in the 
lower part of the band (between E—h and 
~01; see Fig. I). and in the upper part (be- 
tween E — 11 and —3; see Fig. 2). 

Between 3 and I the errors are small and 
similar in magnitude to those of (a) above; 
e.g. the worst agreement i.s near E = 2-8 with 
«cxa.i = -0-921 and e«pnr.>x = -0-933. Nearer 
the centre of the band the deviation becomes 



I ig I. I'Xiitl (tu)l line) and iippro.iiniatc (hroken line) 
poMlions ol're.sonant modes in lower hiiirol'hand 



t ig. 2 . Exact (full line) and approximate (broken line) 
positions of resonant modes in upper half of the band, 
and localized modes above Ihe band 


much greater (Fig. 1). This can be understood 
as it is in this region that the width of the 
resonance becomes suddenly much larger. 
When the resonance is narrow and the impurity 
modes are well localized, we expect the T’ 
part of the perturbation to be more important 
than the 'U' part since it is the former that is 
more sensitive to resonance behaviour on the 
defect site it.self. In fact, in the region of 
broad resonance, the approximate theory 
gives resonances of negative width (i.e. anti- 
resonances). Therefore, at least in the case 
examined, a resonance given by our theory 
will be a very good approximation to the true 
resonance of the exact theory. Resonances 
may occur, however, over a wider energy 
range than is predicted by the approximate 
theory, in the way described here. The 'U' 
part cannot be neglected, therefore, for a 
broader resonance. In the upper part of the 
band (Fig. 2) the agreement is again good, the 
worst being at £ = -3 with €,.x„et = 0'b54 and 
^HI»l»rOK — d'63 1. 

(c) In all cases the positions of bound states 
below the band as calculated by the two 
methods are in good agreement (better than 
2 per cent), though it should be noted that 
these are not true bound states as they only 
occur for antiferromagnetic coupling between 
the impurity and the host lattice. Their 
occurrence merely serves to indicate that we 
have chosen the wrong ground state. 

(d) The agreement for bound states above 
the band (Fig. 2) is very dependent on a. It 
is reasonable for m < I . but becomes worse 
as o- increases. 

The implication of the above comparison, 
then, is that, for narrow resonances within the 
band, our method gives a good approximation 
to the position of the resonant mode. A warn- 
ing comment is required at this point, how- 
ever. In the above analysis, we have been 
looking for the value of e required to give a 
re.sonance at a particular energy. Flad we 
been determining the resonant energy for a 
particular e, however, we would have en- 
countered certain difficulties. Reference to the 
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in-band curves for cr = 3P in Fig. 2 shows that 
a small change in e gives a large change in the 
position of the resonant energy, It is clearly 
seen that, for curves of this sort with small 
slope, large errors may occur through an 
approximate determination of the resonant 
energy positions, even though the exact and 
approximate curves lie very close together. In 
applying this method, therefore, one should 
check to see if small variations of any of the 
parameters associated with the impurity pro- 
duce large changes in the position of the 
resonant energy. 

5. NUMERICAL CALCULATIONS 
1 . Parameters for terbium 
For interest we have performed the calcula- 
tion, neglecting the 'V' term, for the Tb-Ho 
case. The resonant magnon mode position will 
be determined by the usual determinantal 
relation 

/?e[det(/-Y!:«V)]=0 (5.1) 

where, in this expression, y and V represent 
the 4 X 4 matrices appearing in (4.9). 

The basic four Green’s functions a. i>. b. It 
can be calculated from a knowledge of the 
density of magnon states in pure terbium, and 
the remaining modified Green’s functions are 
then easily determined (see Appendix), 

As the only complete data so far available 
is that for 90°K, we have used this in the cal- 
culations, together with the effective values of 
the anisotropy constants at this temperature. 
The density of states for pure terbium has 
been calculated by Gylden Houmann [15], and 
a numerical integration using his data enabled 
us to evaluate the Green’s functions we re- 
quire. The other parameters of terbium that 
we need are do- B, G. We have taken the 
values of Goodings [16], as they are mutually 
consistent within a spin wave theory such as 
the one we are using. His figures are: 

B = 0 4 meV G = 7-5 x 10'^ meV 

d„ = 0-758 meV j;, = 0-577 meV. 


Values of J„ out to varying numbers of neigh- 
bours have been given by several authors and 
their magnitudes and signs very markedly. 
However, the sums agree remarkably closely. 
Gylden Houmann [15] gives a value of J„ 
of 0-788 meV, and LindgSrd[17] gives values 
of J„ and J'o of 0-828 meV and 0-588 meV 
respectively. l.indgard's[17] estimate of B 
agrees clo.sely with that of Goodings, being 
0-39 meV. Gylden Houmann[15], however, 
prefers a value of B of 0-28 meV and a value 
of G roughly double that of Goodings. More 
recent measurements [1 8). however tend to 
confirm a value of B of about 0-4 meV. 
Appropriate values of B' and G" of holmium 
are much more difficult to assess. They are 
discussed, together with general remarks on 
the heavy rare earths, in the following sub- 
section. 

(2) Impurity parameters 
In the above analysis we have implied that 
one can neglect the higher order anisotropy 
terms in a spin wave calculation. This is 
generally not true, and in this sub-section we 
shall illustrate the importance of the terms in 
Sf and .S'.." by way of a rough point charge 
calculation. The full crystal field anisotropy is 
written, via the operator equivalent technique 
(Stevens [1 9]). us 

W„„ = a/fAri0[3S/-S(S + l)] 

+ /3A ,"(/'') [3.5,SV - 305(S -M )5,- 
3- 25.5/ - 65 ( 5 -f 1 ) 3- 35M 5 + I ) '] 
3-7/l,3’(r*>f2315/- 3155(5 3- 1)5/ 

-E 7355/ 3- 10.55' (5 3- 1)^5/ 

- 5255 (53-1) 5/ 3- 2945/ - 55» ( 5 3- 1) •' 
3- 405^(5-E 1)^-605(53-1)] 
-y/f/(r«)-jK5,+/5/'’-f(5.-/5J«] 

(5.2) 

where /f,,"' are constants determined by the 
distribution of charges surrounding the rare 
earth ion, and {P'} are the mean values of r" 
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over the 4/ electron distribution. «, /3, y are 
numerical factors that have been evaluated 
[19j. Note that the opposite sign appears in 
the / 111 * term to that usually used as we have 
taken the jr-axis to coincide with that of 
magnetic alignment in terbium. Equation 
(.^.2) may be put in the form 

/y„„ = const, f HS:- + DS,* + /•'52' 

-.K.’[(.V,4/5„)'‘+(.S',-/.V„)*l (5.3) 

which is more useful for spin wave calcula- 
tions. T he constants B. I). /•'. (i may be cal- 
culated by assuming point charges on the 
nearest neighbour sites, the effect of charges 
on the more distant sites being screened out 
by the conduction electrons. These are evalu- 
ated and displayed in fable 1. The calculation 
is based on the figures ofKasuya(2fl|. although 
we have assumed tripositive ions on the near- 
est neighbour sites. The column headed ( //.,") 
indicates the contribution to B from the .-li." 
term in (5,2). and similarly for the other sym- 
bols m parentheses. 

An interesting point about this calculation is 
the occurrence of a negative B for holmiuni 
and a positive B tor erbium. I he signs of B in 
these two cases would give a tendency for 
magnetic ordering different from that observed 
experimentally, at least at low temperatures. 

I his indicates that the higher order terms (in 
/) and I') will be important, and one should 
therefore consider their ellecl in a spin wave 
calculation. 

The tieatment of Niira|l()| does, in fact, 
include contributions from the /) and F terms. 
He first replaced the angular momentum 
operators by spin wave operators and then 
rearranged the latter in the normal order 
(creation operators always written to the left 
of destruction operators). The commuting of 
the spin wave operators to obtain normal 
ordering results in terms bilinear in these 
operators for all the anisotropy terms. Using 
this procedure it is possible to obtain an effec- 
tive B, defined by 

BI,,=B + }SD+{45I4)S'^I- (5.4) 


All the expressions used in this paper are 
valid within the Niira approximation if B is 
replaced by as defined by (5.4). The values 
of from the point charge calculation are 
shown in Table 2. 

A slight refinement of Niira's analysis ap- 
pears in the paper of Brooks. Goodings and 
Ralph |2 1 ]. They give effective values of B and 
G defined by 

Bi!l;"S = .fo^/trO (.5 - 30;8/l/(r'> 

X(5-i)(5-l)(5-?) 

+ 105/1, 4(r*)(.S'-i)(.S-I)TS'-i|) 
x(.S-2)(.V~i) (5..5a) 

Gl!li‘<S-' = y/l,4(r«) (5 -i) (5 - 1 ) (5' ~i) 

X l5'-2)(5'-:!). (5,5b) 

Again all equations in this paper are still 
applicable if we replace B and (7 by their 
effective values defined by (5.5). Table 3 
shows the point charge calculation of these 
effective parameters. The contribution to 
B',Y from each of the three terms in (5.5a) is 
shown in the columns headed (h,,"). 

These tables clearly indicate the relative 
importance of the various anisotropy terms in 
the spin wtive theory. Because of the domin- 
ance of the lowest order term it is not too 
critical which expression one uses for the 
dfcctive parameters in the case of terbium, 
dysprosium or thulium. However, holmium 
and erbium require a much more careful 
treiilment. 

In our case of Tb-Ho alloys the effective 
values for fb at 9()°K are fairly well estab- 
lished and have already been listed in Section 
5(1). However, appropriate values of B' and 
O' for holmium are very difficult to assess. 
This is partly for reasons made clear by the 
tables (viz, no one dominant anisotropy 
term), and partly because the holmium is 
embedded in a lattice of different atoms, 
although the similarity between the rare earths 
might lead one to believe that the values would 
not be too different from those for pure hoi- 



THEORY OF IMPURITY STATES 


1581 




1582 


J. A. BLACKMAN 


Table 2 


meV 

B 

.3.50 

(45/4)S‘F 

Bin 

Tb 

0-4004 

0-0041 

-0 0205 

0-3840 

Dy 

0-2519 

-0-0576 

0-0274 

0-22.17 

Ho 

-0-0584 

0 1272 

-0-0360 

0-0328 

Er 

0-0660 

-0-151(1 

0-0455 - 

0-0395 

Tm 

-0-1949 

0-1118 

-0-0728 - 

0-3359 


mium. We require, however, elTcclive values 
at 9fl°K, and since transitions in the magnetic 
ordering occur at temperatures below this it 
is likely that extrapolations from pure hol- 
mium would be extremely inaccurate. 

Because of this uncertainty in B' and G' we 
have plotted (Fig. 3) the variation of the 
resonant energy with these two parameters. 
Resonances do occur at energies higher than 
those shown in the figure, but soon become 
less clearly defined and eventually disappear 
altogether. The diagram covers the region of 
interest, however. As 'best' values of li' and 
G' we have used the figures of Table 3, and 
scaled them so that the corresponding quanti- 
ties for terbium agree with those measured 
experimentally, '['he resonance thus deter- 
mined occurs at 4-25 meV with a width of 
0-88 meV. This agrees well with the experi- 
mental figures of BJerrum Moller ('/tt/.|5|, vi/. 
a resonance at about 4 meV with width 1 mcV. 
The uncertainly in the parameters for hol- 
miiim will probably put an accuracy of about 
.±0 5 meV on our estimate of the resonance 
position. 



B'{nneV) 

[ ig. .t. Curves showing variation of resonanl energy, E. 
wiih B' and C'. for Ihe A' and S' of holmium. The figures 
on the curves represent the ratio O' /G’. 

6. OTHER Tb-RARE EARTH Al.t.OYS 
The good agreement, over a wide range of 
resonant energies, between the exact and 
approximate theories in our discussion of the 
Wolfram and Callaway case, and the close 
agreement between theoretical and experi- 
mental results for the Tb-Ho alloy would 
lead one to hope that fairly accurate predic- 
tions could be made about the spin wave 
behaviour in other Tb-rare earth alloys. With 
thulium or erbium as the defect atoms, how- 
ever. the region of interest appears to be one 
in which the approximate theory is rather 


Table 3 

meV (/?,») (h,"l (V) 

Tb 0.1184 0 0445 -O-OOMi O-ISW 0 872 

Dy 0-2219 -00111 0-0197 0-2081 -t-0.18 

Ho 0-0796 - 0-0202 -0-0120 0-0274 1-301 

Er -0-0875 0-0216 0-0327 - 0-0332 -1-718 

Tm -0-.133.1 0-0425 -0-0236 -0-3144 3-025 
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unsatisfactory. The theory is better suited to 
the case of dysprosium, but here resonance 
behaviour may be difficult to observe. 

We consider first Dy as impurity atoms in 
the Tb lattice. Scaling the anisotropy constants 
of Table 3 in the way described for Ho gives 
resonance behaviour at 7-2 meV and at 8-5 
meV. It is quite possible, however, that these 
resonances would not be observed experi- 
mentally. In this energy region (and above) the 
density of states of Tb shows a markedly 
peaked behaviour. A resonant mode (which 
is characterised by an increase in the density 
of states) occurring in this region is very likely 
to be masked by the peaky nature of the den- 
sity of states in the host lattice. In fact, our 
calculations on the Tb-Ho alloy indicated a 
second resonant mode at a higher energy 
(10-3 meV), hut this can be expected to be 
masked for similar reasons, a fact which is 
confirmed by the failure to observe such a 
mode experimentally. From the point of view 
of numerical calculations, the determinant 
(.5.1) changes sign from positive to negative 
passing through zero at 4-24 meV in the Tb- 
Ho case. However, in the higher energy 
regions discussed above, for both Tb-Ho 
and for Tb-Dy, this determinant shows a 
rapid oscillatory behaviour as a function of 
energy and a much more marked sensitivity 
to the values of the anisotropy constants of 
the impurity. This is due to the rapidly vary- 
ing magnitude of the Green’s functions 
reflecting the peaky nature of the density of 
states. Thus, for Tb-Dy alloys, there is the 
possibility of resonant magnon modes in the 
energy region mentioned, but it is likely that 
they will be unobservable because of the 
peakiness of the host density of states. 

Thulium and erbium, as impurities, offer 
the possibility of interesting phenomena, 
because of the negative sign of B in both 
cases which would tend to cant the spins out 
of the basal plane toward the c-axis. If this 
effect is sufficiently strong we would expect 
that it would be manifested by a bound state 
below the zero of energy indicating a wrongly 


chosen ground state. The situation is not as 
simple as in the Wolfram and Callaway case 
as the analogous situation there simply meant 
that the ground state was one with the im- 
purity spin antiferromagnetically aligned to 
those of the host lattice. In our case a wrongly 
chosen ground state type of bound state will 
be much more complicated as we have to 
consider the resultant of two competing 
effects: the tendency of a negative B to align 
the spin along the r-axis, and the opposing 
exchange tending to keep the impurity spin 
aligned with those of the Tb lattice in the basal 
plane. At present we are simply trying to 
determine whether a new ground state is a 
likely possibility. 

I et us consider Tb-T m. The curves for this 
alloy are similar in form to those of Tb-Ho 
(Fig. 3). but shifted somewhat to the right. 
We are interested in the value of Br^ for 
which the curves go to zero energy. A smaller 
Brm should then indicate a wrongly chosen 
ground state. Calculations show, however, 
that a bound state will occur for a that is 
positive. This is, of course, unreasonable 
physically, and so one must conclude that our 
approximation breaks down for the very low 
energy region in much the same way as it did 
for bound states above the band in the Wol- 
fram and Callaway case. The reason appears 
to be that bound states of this sort will be 
rather diffuse, and any tendency for the im- 
purity spin to cant appreciably out of the basal 
plane will cause the neighbouring spins to do 
likewise to minimise the energy. Thus the 'U' 
term that we have neglected will become im- 
portant. 

The behaviour of the approximate theory in 
two limits is of some interest, however. We 
performed a calculation to determine the con- 
dition for a bound state with G' and S' un- 
changed from the values in Tb, but (a) a 
change in B only, and (b) a change in K only. 
In case (a) it required a'B' of -0-8 meV to 
produce a bound state. This is, of course, an 
exact solution since it is simply a single ion 
term that is changing. In (b) it required a X' 
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of 0-99 (yti = -0 0lj to produce a bound 
state. This is clearly in good agreement with 
physical expectations, since the change from 
ferromagnetic to antiferromagnelic alignment 
is expected at/a = 0. Between these two limits 
the behaviour is not what one would expect 
physically through, and so the very low energy 
region is obviously one in which the approxi- 
mation breaks down. Since the curves are 
similar to those of Tb-Ho (Fig. 3), it appears 
that the omission of the 77’ term causes too 
rapid a fall off to zero energy, and so the grad- 
ient in this region is expected to be actually 
less steep. 

Since the exchange factor p. for T m is i, one 
would expect that a B' of much smaller 
magnitude than -()'8 would be sufficient to 
involve us in a new ground state problem, and 
it is very probable that a value of the order 
indicated by Table 3 would be enough. Some 
experimental studies of the magnetic ordering 
in Tb-T m alloys would be very interesting. 

Of course, oven a small negative B' does, 
in a sense, involve us in a new ground state 
problem as there will be some tendency for 
tilling out of the basal plane, but it does not 
ncccssai'ily imply a major instability (bound 
state). In erbium, B' is small and negative, but 
it docs also have the further complication of a 
negative (F, which will encourage a tilling 
within the basal plane but at an angle to the 
host spins, '('he exchange coupling is reduced 
below that of Tb-Ho but not as much as Tb- 
Tm. Certainly, if there is a resontince. it will 
lie very low In the band, and even if an insta- 
bility of the type likely for Fb-Tm does not 
occur, a bound stale within the energy gap is 
quite a likely possibility, experiments on the 
spin wave spectrum of T'b-Fr alloys might 
well prove an interesting study, and because of 
the expected temperature dependence of the 
effective B'. observations over a range of 
temperatures could give some sort of indica- 
tion of the effect of varying B'. 


out this work, and to Professor A. R. Mackintosh and 
Dr, P. A, LindgSrd for useful discussions on the aniso- 
tropy of the rare earths. 
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APPENDIX 

Useful relationships between the Green's funeOons 
may be found We give one example of how the relation- 
ships may be derived and summiiri/e the icsults Emm 
(1.7) wc may write, in an obvious notation 

( 

Hence 

Upty = 5 V [(A + 2 ; ),V„± (./j e'k '"."-k"), 

K (A.2) 


.4ek/iiwlec/pemrtii.) - 1 should liketoexpiessmyapprecia- But from (2 5) 
turn to Dr. R J Elliott for his advice and interest Ihrough- 


“n ■- ClI Cll 
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Bui from (.^.7). 




ftk (tti + 5 imi^ + .5<1) 1 


give UH a set of relations which can conveniently be 
(A. 3) summarized in the following form 
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Hence (A. 4) may be wntien in the form 

( Ja')?' = 3 <A 7) 

Similar procedures with the other quantities eventually 
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FORCE-CONSTANT MODELS OF LATTICE 
VIBRATIONS IN RARE-EARTH HALIDES 
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Department of Physics, Queen Mary College, Mile End Road, London E L, England 
[Received 1 3 (hiober I %9) 

Abstract- Various harmonic force models are used to lit experimental k^O lattice vibration frequen- 
cies in LaClj, CeClj, PrClj and LaBrj. It is shown that a very approximale model using only two 
parameters gives a reasonable fit to six or more frequencies. This is not greatly improved by the use of 
more sophisticated models. The k = 0 eigenvector for a particular choice of force constants is also 
given. 


1. INTRODUCTION 

The aim of this work is to use simple harmon- 
ic force models to fit the experimental lattice 
vibration frequencies in several rare-earth hal- 
ides. This has intrinsic interest in that it 
provides a test of the usefulness of such 
a model for ionic crystals of low symmetry. 
However, the main justification for our analy- 
sis is that it lays the foundation for a compre- 
hensive study of the interaction between 
phonons and localized electrons in this materi- 
al which will be the subject of later publica- 
tions. The rare-earth halides were chosen with 
this application in mind: they make very 
suitable host crystals for the study of rare- 
earth electronic spectra[ I ]. Added advantages 
are the considerable amount of Raman, infra- 
red and vibronic data that has recently become 
available [2-8] and the previous analysis of 
LaClj lattice vibrations given by Murphy, 
Caspers and Buchanan [6] (referred to in the 
following as MCB). 

We shall use the same general procedure as 
MCB, to which the reader is referred for a 
description of the crystalline structure of the 
hexagonal rare-earth chlorides and bromides 
as well as the symmetry coordinates for the 
k = 0 modes. Some changes of sign were 
found necessary in their table of symmetry 
coordinates, so a corrected and simplified 
version of this is repeated as Table I of this 


paper*". It is of interest to use a more general 
set of parameters than the five force con- 
stants defined by MCB. We make ^ 
and introduce an extra force constant (aj) 
to represent the coupling between pairs of 
nearest neighbour rare-earth ions in a unit cell. 
A similar force constant will be appropriate 
for nearest neighbour rare-earth ions along 
the c-axis, but this has no observable effect 
on the A = 0 modes. A more radical improve- 
ment, is made by the use of a ‘tensioned’ spring 
model which has additional parameters (d,) to 
describe the fractional displacement of ions 
from the minimum of the quadratic approxi- 
mation to the potential at the equilibrium posi- 
tion. A total of 1 2 parameters are then defined 
in the model, but various constaints are used 
in the fitting procedures to reduce this to a 
manageable number. 

2, EXPERIMENTAL DATA 
There arc three sources of experimental 
data on lattice vibration frequencies. That 
obtained by Raman spectroscopy is by far the 
most useful as, in this case, it is relatively 
easy to find all the observable transitions 
and to determine their group theoretical as- 
signments. A considerable amount of vibronic 


*We arc grateful to Mr. S l.atner for an independent 
check of these corrections. 
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Table 1. Symmetry coordinate transformation table. All elements have been multiplied by 
Vf). The same transformation relations hold between either the first or second labels of each 
pair. Coordinates and decrees of freedom are labelled as in MCB. The coordinates of ions 
labelled \ + Aare piven by ri +4 = r, for u representations and 4 = — r, for g representations 
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dala also exists, bul not all observed transi- 
tions correspond to A - 0 excitations and the 
assignments thal can be made are seldom 
unique. Reflection and absorption experi- 
ments have also been made giving values 
of the infra-red active 1.0 and TO modes. 

The ditfercnce between the l.O and TO 
frequencies of a mode with a given group 
theoretical assignment implies a singularity 
in the dispersion curves at A = 0. This is 
brought about by the long range interactions 
between electric dipole moments, which are 
non-/.ero only in the case of infra-red active 
modes. No theory exists for a crystal as com- 
plex as the anhydrous chlorides which relates 
the observed 1.0 and TO frequencies with 
the single frequency (wo) predicted by the 
the harmonic force model. We therefore use, 
as a working hypothesis, the result obtained 
by Balkanski|9] for the blende and Wurtzite 
crystals (which neglects the effects of ionic 
polarization): 

= 1 (wf,(i + 2 wr„)- 

This formula has been used to estimate 
values of ia„ for PrCfi using the results of 


Berreman et o/.|3]. Values of wn for LaClj 
have also been estimated using measured TO 
frequencies [4-6) and the PrCI,, l.O frequen- 
cies. 

There has been some disagreement in the 
literature regarding the assignments to be 
given to the Raman frequencies, but there is 
good reason to believe that this problem has 
now been settled. All six Raman frequencies 
are known for CcClJS), PrCIJS] and l.aBr, 
|2]; five arc known for LaCIjil, 5] and NdClj 
[.5|. The missing LaCf, mode is probably 
degenerate with the A„ mode at 175 cm '. 
This data is used as the main raw material for 
the fits to the harmonic oscillator model dis- 
cussed in the next section (Tables 2-5), 

The use of vibronic data is made difficult 
by the fact that there is very little agreement 
between the results given by Richman, Satten 
and Wong[7J and those given by Cohen and 
Moos [4]. In the latter work definite identi- 
fications are only given for those lines already 
observed by other means, and none of the re- 
maining lines has a possible identification 
which is at all related to the frequencies pre- 
dicted by our fits to the Raman data. A useful 
feature of the work of Richman, Satten and 
Wong[7J is their attempt to coordinate the 
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corresponding lines of the LaBrj and LaCI, 
spectra. This should be most reliable at the 
top and bottom of their frequency table. On 
this basis we accept their values of the B„ 
frequencies which accord well with our fits 
in both cases. We also suggest that the low 
frequency B„ mode should be at 98-1 cm”' 
in LaCla (80-8 cm”' in LaBr,) which Richman 
et al.[7] identify as a two {Bp) phonon process. 
This gives a reasonable correspondence with 
both the LaClj and LaBn, fits. 


representation is associated with a separate 
block. The reason for this is that the two di- 
mensional representations of the unit cell 
group Cfl/i are not fully reduced, so that the 
well known theorem on block diagonalization 
does not fully apply. In fact, any rotation 
about the c-axis commutes with the two di- 
mensional representations of the generators 
(Cb and /) of C,;/,. Hence, the real symmetry 
coordinates of two dimensional representa- 
tions produced by the projection operator 


Table 2, Force eonslanl analysis q/LaCI.., data. All frequencies are given in 
cm”'. Force constants Fd,) are given in gem - 
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3. THE FITTING PROCEUL'RE 
The force constant matrix is set up as de- 
scribed in MCB and then block diagonalized 
by the transformation to symmetry coordin- 
ates given in Table 1. It must be emphasised, 
however, that these symmetry coordinates 
do not give a complete block diagonalization 
in the sense that each row of each irreducible 


method are indeterminate to this extent. This 
gives rise to extra elements in both the 
and blocks of the force matrix. 

Some restrictions on the twelve parameters 
defined in Section 1 are required and various 
possibilities suggested by the X-ray data[101 
have been tried. The variation of distance 
between differently orientated ionic pairs in 
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the crystal is quite small; e.g. the standard 
deviations are I '0 per cent for d and (Is pet 
cent for in hIdCIs. It is therefore 

not unreasonable to take ttg = 0, a, = a, and 
02 = a, = Os which, with ail dt - 0, reduces the 
total number of parameters to two. (In almost 
all cases we have assumed which cor- 
responds to the rare-earth ion having a 
site symmetry. It also makes the and 
modes degenerate.) 

The relative displacements from equilib- 
rium d, are subject to similar considerations 
and, in the results quoted in this paper, we have 
invariably taken d,=d,, and 

4i = 0, although this is almost certainly less 
accurate than the corresponding restrictions 
on the a,. 

4. RESULTS 

Tables 2-5 display the results offeree con- 
stant analyses carried out for LaClu, CeCI;,, 

Pr( |., and LaBr,. In all cases other than LaCl,.( 
the fils are made to Raman data alone, but all 
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Table 5. Force constant analysis of LaBfi data. All frequen- 


cies are given in cm Force constants are given in gcm*^ 
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derived frequencies are tabulated and in some 
cases may be compared to (bracketed) experi- 
mental data which is not used in the fits. Only 
five Raman frequencies have been positively 
identified for LaCI,i so it is useful to use the 
plentiful data from other sources. Rela- 
tive weights assigned to the data are given in 
Table 2. 

The most characteristic result is the high 
accuracy obtained using fits in which only two 
force constants are varied (one for the metal- 
ligand and one for the ligand-ligand inter- 
action). The use of a larger number of 
parameters usually results in only a marginal 
improvement in the mean square error so that 
deviations obtained relative to the two para- 
meter fit are probably not very significant. It 
is found, for example, that the metal-metal 
force constant Oe assumes a value which is 
too large to be physically reasonable unless 
the parameters d, are also allowed to vary. 
In 5-parameter fits of the latter type there is 
a considerable reduction in the ligand-ligand 
force constant but little change in the metal- 
metal constant relative to the two parameter 


fits; agreement with the lowest frequency 
is noticeably improved. The alternative 5- 
parameter fit to LaClj data with c/, = 0 also 
gives a reasonable overall fit although in this 
ca.se agreement with the lowest frequency 
remains bad. The relative magnitudes of the 
a, obtained in this fit bear no particular re- 
lationship to the distances between similar 
pairs of ions and are therefore probably not 
significant. 

The force constants obtained for the three 
systems LaClj, CeClj and PrCl, are remark- 
ably consistent, especially in view of the ex- 
tended set of data used in the LaCI^ analysis 
Results not quoted here show explicitly that 
the LaClj force constants are insensitive to 
the number of input data used. The relative 
magnitude of the metal-metal and metal- 
halide force constants obtained in our analy- 
ses differs considerably from that of MCB. 
In the LaBr, the metal-halide force constant is 
shown to be rather smaller than in the chlor- 
ides, but the halide-halide force constant is 
very similar. 

The fractional displacements d, are con- 
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strained to have the correct signs appropriate 
to each type of bond (i.e. di,dj < 0 , < 4 , <^ 4 . 
d, > 0). This also makes them of the cor- 
rect sign to account for the stability of the lat- 
tice. An explicit consideration of the forces 
acting on the halide ion in the plane perpendic- 
ular to the f-axis leads to two independent 
stability equations which are very nearly con- 
sistent under the constraints r/, = c/,. «, = a-j. 
d .2 = d^ = d:, and u, = = Us- These equations 

give the equilibrium condition 

y = —d, (It Id, 2 ( 1 ., ~ 1. 

( alculated values of-y (given in T ables 2-.S) 
are in the range 1-6-4 6 . We therefore con- 
clude thal the lattice equilibrium cannot be 
consistently rcpioduced by our final para- 
meters. the dt values fluctuate too much dur- 
ing the litting for the final y to he very mean- 


ingful (although we note that y is nearer to I 
for larger values of d-d- 

A similar attempt was also made to com- 
pare results with the equilibrium conditions 
for stresses in the lattice [ 11 ]. In this case, 
however, it was found impossible to derive 
consistent equations for the short range force 
parameters [ 1 2 ]; long range effects are cer- 
tainly more important in this case. 

In Table 6 we give the complete eigenvector 
for k = 0 phonons in the rare-earth chlorides 
for a particular choice of force constant. This 
is found to be quite insensitive to the small 
variation of force constants obtained in the 
different fits. 

In a future publication we shall employ the 
force constants derived in this paper to deter- 
mine the elastic constants of the lattice and 
hence sound velocities and ion-lattice coup- 
ling constants. 


'I able 6 . [/.igcnrector for k = t) phonons in the rore-ewth 
(hlondcs (Ui “ a,i “ 1 1 •(), a._, — a, a-, ~ .4-6) The sym- 
merry coordimtle vector .S, is dejined in Table I. W, = S, 
Jor i - 2 1 /o 24 
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Abstract -The theory of the anharmonic effects in a coupled electron-phonon system is presented and 
applied to free-electron metals. The phonon self-energy is evaluated by means of a diagram expansion 
and the choice of diagrams which must be retained is carefully invesligalcd. It is shown that the an- 
harmonic terms can be described by the same effective potential that is used to obtain the harmonic, 
frequencies. Further, it is found that for free-electron metals it is quite satisfactory to include only 
terms of the lowest order in the lon-electron potential. Calculations have been made for the phonon 
widths at 80' and 300°K in aluminium. The quasiharmonic. third order and fourth order shifts are 
taken into account. Results are presented for two local ion-electron potentials. One is given by Johnson 
and Westin and the other by .Schneider and .Stoll, both are obtained by fitting the polcnlia) to the har- 
monic frequencies. The calculated values are compared with the experimental results of Stedman ei ut. 
The widths are found to he in agreement with the experimental values in most cases, I or the Johnson- 
Weslin potential this is also true for the shifts. 


1. INTRODUCTION 

Calculations of phonon widths have been 
presented in several papers[l-4]. 

The theory for anharmonic widths and shifts 
in dielectric solids is presented c.g. by Mara* 
dudin and F ein[l| who have also carried out 
calculations for a nearest neighbour cenlral- 
potential model for Pb. Cowley et al.lZ, 3) 
have calculated widths and several other an- 
harmonic properties for the alkali halides KBr 
and Nal, using a shell model. Bohlin and 
Hogbergl41 have used a Leonard-Jones po- 
tential to obtain widths for rare gas solids and 
for Al. In one communication(5] the Bohlin- 
Hogberg results are compared with .some of 
the present calculations. As far as the authors 
are aware, the only fairly complete set of mea- 
surements of widths and shifts has been made 
by Stedman et al. [6] for Al. 

In principle, a Born-von Karman model 
can yield phonon frequencies which are as 
accurate as is desired for a metal, however, it 


is believed (see e.g. [7, 8]) that the actual forces 
arc of a quite different long-range nature. A 
number of authors have used pseudo-poten- 
tials to obtain phonon frequencies with both 
non-local and local potentials. The non-local 
potential is usually obtained from the atomic 
wave-functions (e.g. [9, lOJ). The local pseudo- 
potential has a few parameters which are in 
most cases fitted to the dispersion curves (e.g. 
[9,11,12]). Some of these fitted potentials 
describe the phonon frequencies with good 
accuracy. 

The theory of the metallic electron-phonon 
system is not greatly altered by the use of a 
non-local rather than a local ion-electron po- 
tential. It has therefore been decided to use a 
local potential, since the formalism is then 
somewhat simplified. In the theoretical section 
of this paper, the many body theory is used to 
show that the anharmonic terms can be des- 
cribed by the same effective ion-ion potential 
as is used in the harmonic approximation. This 
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turns out to be a result of some generality. It 
is also shown that for free electron metals the 
ion-electron potential can be estimated satis- 
factorily by taking into account only the low- 
est order terms. This is also confirmed by 
comparison with calculations of higher order 
contributions to the harmonic frequencies, 
made by R. .lohnson[12]. (Since his results 
have not been published, one example is 
presented here.) 

This result has been used to calculate the 
line widths at 80° and 300°K and the shifts 
between 80° and 300°K for Al, and to compare 
them with the experimental values. The local 
potentials used are taken from Johnson and 
Westinll2] and Schneider and Stoll [1 1). The 
formalism and results are presented in sec- 
tion 3. For the evaluation of widths and shifts 
the summations have been made over approx. 
4(K)() points in the first Brillotiin zone and 2.5 
shells in the reciprocal lattice. For both the har- 
monic frequencies and the anharmonic terms, 
the C'oulombic part is obtained by the use of 
Fiwald summation. Some numerical details are 
presented in section 4. Finally the results are 
discussed in section .5. 


2.11 The nuhlcl 

The following usual assumptions are made: 

( 1 ) The metal comprises a Bravais lattice of 
rigid ions with Z conduction electrons for each 
ion. 

(2) The so-called ‘small core' approximation 
applies, that is the overlap between the ions is 
so small that it can be approximated by a local 
potential. The remainder of the direct ion-ion 
interaction consists only of the Coulomb 
interaction between point charges. 

(3) The ion-electron potential v{q) is local. 
The assumption of a local potential simplifies 
the formalism, but the extent of the numerical 
calculations would not have been changed 
drastically if methods similar to those of Vosko 
el o/.[10] had been used. Vosko et al. found 
that the non-local potential could be satis- 
factorily approximated by a local potential for 


small values of 


(4) \v{q)\|E^■ 1 for r/ > where A> is the 

fermi momentum, so that v{q)IE^- can be used 
as an expansion parameter. 

(5) The anharmonic expansion is valid. This 
means that the system must not be too close to 
a pha.se transition. 

The following Hamilton operator is ob- 
tained: 




V 

’ /I 


+!S'i'(K„-R„)+iS 

lon-ionp.iii cieiiion-clcaron 

p.trl 

+ S (2,1) 

M.,V 

urn- electron purl 

R\(rJ is the position of the /V'th ion (elec- 
tron), M{m) is the mass of an ion (electron). 
The following notations are introduced (the 
inclusion of a constant part C,, leads the differ- 
ent contributions to correspond to a stable 
lattice): 


>i> = A y 




' 11 


y=I (;(r„-R,v) + C/,„ 

n..V 


( 2 . 2 ) 


An effective ion-ion potential is also intro- 
duced; this is used to determine the harmonic 
frequencies and 


F = <l)''-iF, (2.3) 

The different potentials are expanded as usual 
around the equilibrium positions X,v=R.v~ 
u.v ■ «a,.v, is written as u{ I ). 
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$ + P' = (D* + K-F = 'J>/ + 2 4>''(1 )«(!) + ... 

I 

+ V 0 +I K(l)H(l) + i2 V(\J)uH\) + ... 

1 

- F(\,2H\)u{2)- . . . 

(2.4) 

with the conventional notation F(l,2) = 
^'•‘F 

. etc. taken at the equilibrium posi- 

(itt(l)c)M(2) 
tions. Thus 

Wharn.= i2 4)''(l,2)i/(I)M(2). (2..^) 

J.2 

Expressed in phonon variables and electron 
operators this gives 

Wharm = 2MX)(«fX) + i) (2.6) 
* 

H = Hii + Hmh 

where 

W||=2 fi€(i(^)('k'( k+ Wharm (2.7a) 

k 

and 

//„nh=I'J’''U,)/(,,+A2<l^(X„A,.Aa) 

+ ^ 2 ‘b( A|, Aj, Aj. A4)/(x,/lxi/lx.,'4x4 

XjAaAiXi 

+ ...+2V(-k,k+g)(t«<'k 
!<■» 

+ 2 F(-k,k + q,A,)f;' (;-4x, + ... 

kqAi 

-t. I _L ^ F ^'c c 

n L k,‘k, " ‘k,+H ki-H 

kikk 

-2 f (A,)/lx, /-'(A,, A,)^x,>)xr (2.7b) 

Xi 

Details of the notation are explained in Ap- 
pendix A. Since both and F represent 
potentials in a Bravais lattice (which always 
has inversion symmetry) and we have made an 
expansion around the equilibrium positions 
the underlined terms vanish. Note that F is 
expanded only to second order. 


2.b Diagram expansion 

If the anharmonic shifts A(A, w) and half- 
widths r(A, w) are small as compared with 
the harmonic frequency w( A) then (see ( I]) 

{IU?o~ 2 ( A, tu-(- 16 )= A(A. w) + /r(A. w) 

(2.8a) 

where l{K, + i(o,) is the diagonal part of the 
phonon self-energy defined from 

p,, . . 20x0) 

(2,8b) 

To obtain I a diagram expansion is made, and 
//„ as defined in equation (2.7a) is taken as a 
zero approximation. The harmonic and the 
Hartree approximations are included in H„.' 
The phonon and electron propagators are 
defined in Appendix A. Some of the lowest 
order diagrams are shown in Fig. I . The differ- 
ent propagators and vertices are explained in 
the diagram dictionary in Appendix B. Zero 
momentum transfer diagrams of type /t and B 
disappear (they are cancelled exactly by the 
contributions from t/,i). Further, in Fig. 2(a) 
the notation for the screened polarization is 
introduced, where e„(q,ft>) is the ordinary 
Hartree dielectric function. The equation in 
Fig. 2(b) is obtained in the same way. The 
value at the screening ring indicates which 
dielectric function should be used. 

The number of screened electron-electron 
interaction lines in a diagram is referred to as 
the electron-electron order. In order to clarify 

r= ' t * o ^ 

— A 

r=0 ' Om^^(Vch 

0*0* ' '0'%" 



Fig 1. Phonon self-energy parrs of different orders The 
diagrams marked A and B vanish (see text). 
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b 

Fig. 2(a, b) Notation for screening. 

the discussion, two further numbers are as- 
sociated with each diagram: the anluirmonic 
degree and the eleelron-lallice number. The 
anharmonic degree of a diagram is obtained 
by cutting off all the phonon lines. The separ- 
ate diagram parts are then denoted phonon 
vertices. The anharmonic degree of a vertex 
is given as the number of phonon lines which 
emerge minus two (see (1|). The electron- 
lattice number of a phonon vertex is given as 
the number of factors v{<i) minus two. This is 
a convenient measure of the size of a diagram, 
since for each increasing electron-lattice order 
the diagram is roughly multiplied by a factor 
\v(i|)\|E^ {or q '■ A> (see Abrikosov e/ u/.[ 1 3)). 

The contributions from all vertices are 
summed and give the total anharmonic degree 
and electron-lattice number. The question 
then arises as to what kind of higher electron- 
electron order diagrams should be retained in 
the polarization part. This point has been dealt 
with in great detail in the literature (see |l()| 
for references). It has been found that these 
diagrams are not negligible, but since the actual 
evaluation of such diagrams would be extreme- 
ly lengthy some approximation recipes have 
been developed. In the present calculations 
one of the standard methods has been chosen 
(see next section). 

The introduction of the potential F enables 
us to obtain not only the anharmonic terms 
but also the harmonic frequencies. We can 
choose F (which up to now has not been de- 
termined) to cancel an arbitrary number of the 
diagrams of zero anharmonic degree. All these 
diagrams will then be included in the harmonic 


approximation. Since we want F as a non-re- 
tarded potential we only pick out w indepen- 
dent diagrams, The conventional choice for 
harmonic frequencies in free electron metals 
is obtained if we take the diagrams in Fig. 3(a). 
To see this we evaluate the different diagrams 
in Fig. 3(a) using the diagram dictionary in 
Appendix B. We also use the formula following 
equation (2.11) which is straightforward to 
deduce. We thus get for the different parts in 
Fig. 3(a) 



(-/)V(q-bg) 


|(q-)-g).e(qi)|^ 

to(qy) 


o 1 (q + g)^ (£ii(q-bg,0) - I) , 
ft Ane- f„(q-l-g,0) ’ 





<)i e‘- (go(g-O)-i) . 
hAne'^ eo(8.0) 


E- 

rtiOrj 


N'^ I 
11 2MN 


•{ S (q + kI, (q + g)<./(g + q) - S' g,ng«/(g)| 

8 R J 


<'«,(qi)<'m(q7) 

t>>(q./) 


a 



Fig. 3. (a) Diagrams which must be included in the har- 
monic approximation, (b) Self-energy contribution from 
the polarization part. 



ANHARMONIC WIDTHS AND SHIFTS IN SIMPLE METALS 


1599 


The equation in Fig. 3(a) thus gives 

.2,9a) 


The harmonic frequencies are determined 
from the potential and 


It can be seen that even for the lowest an- 
harmonic and electron-lattice orders there 
are quite a few diagrams. In order to simplify 
the notation, the three-phonon vertex is intro- 
duced in Fig. 5(a) and the four-phonon vertex 
in Fig. 5(b). The figures in the vertex, triangle 


(I)B(^) =(1)(^)-I-F(q) = ch(4)- 


JL. 

Aire'^ 


A: 


■vHq) 


to(<?,0) - I 

f.)(^.0) 


(2.9b) 





which is the expected result. It is essential to 
include the contribution from the imaginary 
part of the diagram in Fig. 3(b). This contribu- 
tion is evaluated and discussed for the case of 
A1 by Bjdrkman ei o/.114] and Johnson [ IS). 
Johnson has also estimated the imaginary part 
of the diagrams in Fig. 8 and found that, as 
expected, they are negligible. 

The anharmonic expansion for T < Toi-im 
is believed to be rapidly convergent, as con- 
firmed by the present and by earlier calcula- 
tions: this justifies the step of taking into 
account only the lowest order diagrams for 
anharmonicity. The numerical evaluation of 
higher order diagrams would be extremely 
lengthy. Since there are no diagrams of degree 
I , all diagrams of degree 2 are retained. Some 
diagrams of anharmonic degree 2 are then 
drawn in Fig. 4(a) and (b), with the electron- 
lattice numbers 0 and 1 respectively. 


Fig. 5. Three and four phonon verlices with electron- 
lattice number 0 

and square refer to the electron-lattice num- 
ber. To a close approximation, w can be put 
equal to zero for the polarization in the vertex 
part. All the diagrams of anharmonic degree 2 
are written as in Fig. 6. These are now of the 




Fig. 4. Some diagrams of lowest anharmonic order, (a) 
Diagrams with electron-lattice number 0. (b) Diagrams 
with electron-lattice number 1 , 


Fig. 6. All diagrams to lowest anharmonic and electron- 
lattice order. 


same form as the corresponding terms for a 
dielectric solid, and it will be shown here that 
these vertices can be deduced from the same 
effective ion-ion potential as that used in the 
harmonic case. To illusirate this, the different 
terms in the three-phonon vertex are evaluated 
as an example. For the notation see Appendix 
A and B. 
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1 ^3 


^ I ^ =K(X„\„V,) 

Xi y 'yVa 
/ \ 


h Y'« V. (D(1, 2, . 

\2MnI hj 

{A(q, - q) + A(q, - q) + A(q, - q)} A(q, + q 2 + q,) (2.10) 



Xj] ■' 

^ because the g and the - g parts cancel 



s 


(-<r(-l)|r„|% 



q.e(Xi)q.e(A2)q.e(X:i) 

[£u(A,)w(A2)aj(A:,)]''- 


lu 0 


[ A( + q + q, + q 2 )A(q-q.,) 

|-A(+qH-q.j)A(-q + qi + q;,) 

[- A(+q + qi)A(--q + q.. + q;,) (2.11) 


since k Qk+q = ^ j the cdeclive vertex potential is 

(II I) 


‘t>(q)- 


(/V(q) f„(q.O) - I 

4'Tre- (niq.O) 


and this is the same as the harmonic potential. The same could easily be shown for the four- 
phonon vertex. 

We thus obtain the total contributions to the three- and four-phonon vertex in Fig. 5 as 


<!>' ( A,. A,. A,, 



•IK M2 

-- V 


q .e(A|)q .etAzjq .e( A,-)) 
lw(A,)(»(A.,)(.)tA,.,))''^ 



e,i(q, 0)- I 
«,)((/• 0) 


{A(qi-q)+A(q.-q)-|-A(q,,-q)} 


■ A(qi + q2 + q:t) 


( 2 . 12 ) 


||>''(A 


X X X 1 = / V'~ V q-e(^i)<l-e(J^2)q-e(\3)q-e(^4) 

i.a^A;,.a,i II Z' |ai(A,)ai(A2)w(A,)w(Ayl''' 


'"'it'"---' 


{ A(q) - A(q -f q^) - A(q -)- q.-,) - A(q -f q.j) 


eo((/.0) 

A(q + q,)+A(q + q,., + q,)+A(q + q.., + q 2 ) + A(q + q 2 + qj)} A(q, + q 2 + q,i + q4). (2.13) 


The lowest order anharmonic contributions (Fig. 6) take the form 
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KiXz ^ 


ittff— iM/, 


D„(A,,/a)„). (2-15) 


These results are now formally identical to 
(he results for a dielectric solid if the effective 
potential <!>'■ is changed to an atom-atom 
potential (see [1]). 

Terms with electron-lattice number I are 
next considered. The diagrams in Fig. 7 must 
now be included in the polarization part, 
giving 


=6„[q.O)) + 


ATTC'-fl 
qHl ■ 


[Diagrams in 

Fig. 7| 



Fig 7. I ho unscrconcd polanziilion parts with eleciron- 
lattico nunihcr I 



4 Similar tftrms 

Fig. 9 The ihrce phonon vertex with electron-lattice 
number 1 . 

• 5-A' d'-A- 

Fig. 10 'the four phonim vertex with electron-lattice 
number I 



The corresponding diagrams in the har- 
monic approximation are given in Fig. 8(a). 
It is equally possible to use the diagrams in 
Fig, 8(b) to the same order of expansion, 
which seems more systematic. The anhar- 
monic vertices are presented in Figs. 9 and 10. 
These vertices (as well as those of higher 
electron-lattice order) can also be deduced 


a 



Fig. 8 Diagrams with electron-lattice number 1 which 
contribute in the harmonic approximation. 


from a (many-body) potential. Thus for the 
diagrams in Figs. 9 and 10 a three-body po- 
tential is needed. 

Now follows a comparison of the size of the 
first order diagrams with that of the zero order 
diagrams. Al is taken as an example since 
calculations have been performed of its higher 
order terms. All potentials we used for A I 
satisfy the expression 

|r(</)| O'l /if fort/ > kf 

which means that terms will be roughly a 
magnitude smaller for each increasing elec- 
tron-lattice order. Johnson) 12] has calculated 
the harmonic frequencies for Al. and he has 
included diagrams of the type shown in Fig. 8. 
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The results for one potential with and witi out 
the first order terms are plotted in Fig. 1 1 , 
where it can be seen that the difference is 
roughly 15 per cent of the experimental value. 
The harmonic frequencies were fitted when 
the first order terms were included. Such a 
calculation is very time consuming and cannot 
be carried out particularly accurately. Johnson 
has also included second order diagrams and 
has found that their contribution is of the order 
of a few percent. These results are also plotted 
in Fig. 1 1. It thus appears that the simple rule 
for estimating the size of vertices is quite 
reasonable. Since there are two vertices in the 
third order anharmonic terms, the first order 
diagrams are roughly U) per cent of the zero 
order diagrams. For the fourth order anhar- 
monic terms the corresponding figure is 15 
percent. 

To sum up, it has been seen that for T < 
f ()tb,v(' the important contributions to the self- 
energy consist of two parts. These are the 
lowest order anharmonic terms and the im- 
aginary part of the polarization (Fig. ."'(b)). 
'I'he anharmonic terms are obtained using the 
same potential as in the harmonic case. It is 


found that if the ion-electron potential is ob- 
tained by fitting the harmonic frequencies it 
is essential to use the same electron-lattice 
order in the harmonic and in the various an- 
harmonic vertices. This result will probably 
be easy to apply in a generalised form for other 
physical situations where coupling between 
quasi-particles is involved. It also appears 
probably that a complete inclusion of first 
order terms will affect the anharmonic terms 
by s; 5 per cent, which is far below the present- 
day level of instrumental resolution. These 
conclusions all apply to anharmonic calcula- 
tions where the combination of ion-electron 
potential and dielectric function applies in the 
same way as for the harmonic case. The 
changes in the fitted ion-electron potential 
and in the dielectric function which are ob- 
served when first order terms are included 
may not cancel. They might even operate in 
the same direction if they are used to calcu- 
late other properties. In such cases the in- 
clusion of first (and eventually higher) order 
terms is essential even in free electron metals 
such as Al which have an expansion parameter 
\v{q)lE,\ > 0-05 for q -- A>. 



Fig. 1 1 Higher electron-latlice order conlribulions to the harmonic frequencies 
(from ( 1 2|) Dots, only the /.ero order terms: crosses, including first order terms; 
squares, including second order terms. 
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3. FORMALISM FOR THE CALCULATIONS 
In these calculations, widths r(\,a)) and 
shifts A( A, o)) have been evaluated to the low- 
est anharmonic and electron-lattice order. 
Using equations (2.8, 2.14 and 2. 15) carrying 
out the sum over /i we obtain (see also [1 [) 


where 

Ql- q-i) = ‘/>o 8 Y(q) + 4>o«y(qi) + 

and 

4 >«fiy(q) = <fi^y(q) + <}>^y (q) 


1 

w(A,)a)(Aa) 

• |d>^( A, A|, A2)|^{[«(A|)-(-n( Ajl-b 1] 
[8(6)-a)(A,)- MAj)) 

— 8(6j -f 6 )(Ai) + ai(A2))J 

+ [«(Ai)-n(A2)] 

. [8(<i) +6)(A|) — <o(A2) ) 

— 8(w — (()( A|) -b <o( Aj))] } 


(h*(A,-A,A„-A,) = 

g 

Jft X '’«(^)‘’s(^W>^lV6(^l)-'^aflY8(q.qi) 

<^0(378 ( ^. (?|) ~ i(2[(^(y3ys(0) — (^^y6(q) 

-d>o8Y«(qi)] + <^a8Y6(q + qi ) + d'osyefq “ qi )} 
'^*tt8>8iq) ~ (5.2) 


and ())'’ refer to the two different terms in 
the ion-ion potential* 


K(</) = 


4ff( Zef 
q'^ 4ve^ 




e(^.0)-l 

e(^, 0 ) 


(3..1) 


A*(A.a)) 


h (t)^(-A.A.-A|.A,) 
8N(o(\)^ co(A,) 

X( 

.(2n(A,)+l) 


where i>{q} is the ion-electron potential and 
€(^, 0) the dielectric function. With the use of 
Ewald summation it is possible to deduce the 
form of ( q ) , and ( q) . 


^■'*■”'-16^12 i'k + k.+W 

AtAs 

H’"(a,a,.a.2)|^ 

(0(A|)<ij(A.2) 



(q+8)«(q+g)8(q+g)y 
(q + g)^ 


. e 


iq+jl' 


(/i(A,)-b«(A2)+l) 

.(cu — w(A|) — wfAj)),, 

(fi(A|)-t-w(A.2) + l) 
(a)-|-(t)(A|)+a)(A2))p 

^ «(A|)-/i(A.,) 

(cu -|-a)( A|) — a)( A.^)),, 

ff(A|)-w(A2) 

(w — w(A,)4-oj(A2));, 

«I>^(A, A,. A2) = ^ ^3,2 

. 2 ea(A)e^(Ai)ey(A2) 

ofly 

' <^>o3yfq- qi’ qa) 


+ 2'sin(q.R){«„«8«y^^ 

R '' 


Vf 

V (q+g)a(q+g)B(q+g)y(q+g)fi 
7 (q+g)- 

. (J 


'The exchange overlap is found to he negligible in Al 
(secflOJ). We have thus chosen 


“ 4ir 


{Ze)‘ 
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+ 2'cos(q.R)[^^^^ 

R ^ 

+ ( R„Rii8yf, + R„Ry&pf, + R„RSiiy 


+ R/fR^ay + RyR^„p + RpRy^„n) 


MEl 

/?■' 


+ (S„fl8yfi + 8fly8„6+ fiaT^/ls) 


fj^RJ 

R' 





(/>„(R)=r. -- erfc ( T, W ) + — 

.r R- Vtt 


4r,‘ 

+ -T’ (' 

VTT 




(/)ii,(y^) - - 


— eifc(7/W)+ — -y-f 

R' «■' vV 


20 T)'' 

f w + 8 ./< 

/? Vtt 


jfL 

\/ TT 


j,- li'«' 


</.,v(«) 


Ij).'! 

7?''' 


crfc (t)K) + 


(210 , 140 ., 


+ 5fiTi'4 I6«'V 


JL . 

Vtt 


v«- 


K ;nul g iii'c Ihc lattice vectors in direct and 
reciprocal space respectively, t/ is an arbitrary 
parametei which is chosen to make both the 
direct and the reciprocal sums converge 
rapidly, r,. is the volume of the lattice cell, 
which equals (i'l4 for the f.c.c. case where a 
is (he lattice parameter. I or free electron 
metals several formulae for e(c/. 0) have been 
published. Here a form suggested by Hubbard 
has been used 


6(r/.0) -! + • 


fii(t/.0)- I 


-i- 


d' "f + I'fh 


u„{q, 0)- I) 
(3.5) 


the Thomas-Fermi screening radius respec- 
tively. 

Several authors have published calculations 
of the dispersion curves for A1 with a local 
ion-electron potential. The local potential 
has a few parameters which are fitted to the 
dispersion curves. Some of these fitted poten- 
tials describe the phonon frequencies quite 
accurately. Here two potentials have been 
used principally. One is that given by Johnson 
and Westin[12), and the other that due to 
Schneider and Stoll[ll). The Johnson- 
Weslin potential is obtained through a series 
expansions of v(r) in direct space 


~ 1^ + ^ ; / = 3. 

^ ' i=ii ^ 

(3.6) 

After Fourier transformation it lakes the form 


where 


+ ■ 
(3.7) 


B< = ^ Tart- etc. ... 


I he series expansion is terminated by setting 
B, = () for i > 3. When r -» 0, the requirement 
/At ) - 1 1 (the two .S'-electrons are included in 
the nuclear charge) sets the value of /t,, to 8 
and that of B» to 5. The value of a ' must be 
about the si/e of the ion and it is found to be 
non-critical. a is fixed and Bi, B.,, B., are fitted 
to the dispersion curves in the symmetry 
directions. The Schneider-Stoll potential is 
of a similar type and is given as 

47t7p^ 1 

t>(^) = (3.8) 

“ >1 

where 

H 1 u 

' ll+(qr,)2f' [l+(qr./f 


where «,|(f/,0) is the l.indhard dielectric func- 
tion and and k-i-j. are the Fermi radius and 
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The parameter values are given in [5] and 
fl IJ. In their report Johnson and Westin have 
given several sets of parameters which are 
quite different but nevertheless describe the 
phonon frequencies well. These different para- 
meter sets have been used in the present cal- 
culations in an attempt to avoid fortuitous 
results. 

The Olq^) term in v{q) causes numerical 
problems because it decreases too slowly to 
zero for large q-values. On the other hand it 
is not possible to eliminate this term without 
making drastic assumptions. It is true, of 
course, that the concept of a local potential 
is somewhat doubtful for large ij-values. Some 
kind of cut-ofi' might be justified for the har- 
monic frequencies, but it is made only with 
difficulty for the anharmonic terms. Indeed a 
major contribution from q~ 5 ■ (2W«) has 
been found. Hence it is felt that the error is 
smaller if a cut-off is not used when fitting the 
harmonic frequencies and calculating the an- 
harmonic terms. The results from one of the 
Johnson-Westin potentials and from the 
Schneider-Stoll potential will be presented 
below. 

The harmonic dispersion curves for both of 
these potentials have been published earlier 
(see (.^j and [1 IJ). 

In Figs, 12 and 13 the phonon widths are 
given together with the experimental values 
for 80° and JOD^K. The difference between the 
phonon frequencies for 300° and 80°K, in- 
cluding the quasi-harmonic shift and third and 
fourth-order shifts is plotted in Fig. 14. The 
results for the Johnson-Westin potential are 
also given in Table 1. 

4. NUMERICAL DETAII,S 

The integrands of I'lX.w) and A(X,(u) con- 
tain tij(X), (f)^y{q), etc. all of which 

require time consuming computation owing to 
the sums in the reciprocal lattice. It has been 
found necessary to carry out the sums for the 
first 25 shells. A table has therefore been con- 
structed for w(\), e(X), (f)afiy{q)^ (/JasrJifq) at 
equidistant points 1/48 of the BZ. If FIX, &») 



02 04 O'B oe 10 



Ots 030 045 0«0 075 



01 02 03 0.4 0-5 

q. 0 


Fig. 12. Widths for A1 (r^SO'K), Open circles, experi- 
mental values, squares, calculated with the Johnson- 
Westin potential, crosses, calculated with the Schneider- 
Stoll potential; lines electron-phonon contribution to the 
widths, (a) 100 direction, (b) 110 direction, (c) 111 
direction. 
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Table 1 . Widths (21') and shifts (A) for the Johnson-Westin potential at 300“ and 80“X 


‘il 

Mode (utX) 

r 

- A 


-A, 



Mode a>(X) 

r 

-A 


-A, 

A^ 

100 









T, 

17 

45 

19 

70 

34 

direction 









1-132 

2 



25 

15 

0-1 

/. 


4 

)2 

17 

42 

54 

0 3 

L 

55 

28 

68 

127 

208 



0-800 

0 



10 

26 


3-836 

14 



60 

100 


T 


S 

20 

9 

42 

33 


h 

74 

33 

38 

124 

136 



0-564 

) 



14 

16 


2-304 

9 



58 

65 

0-2 

L 


14 

25 

33 

83 

102 


T, 

32 

57 

28 

84 

28 



1-787 

T 



37 

48 


1-832 

4 



31 

14 


7 


19 

47 

18 

83 

66 

0-4 

L 

83 

30 

79 

167 

249 



1-108 

2 



20 

32 


4-632 

28 



86 

1)9 

0-3 

/, 


28 

32 

48 

97 

126 


T, 

54 

10 

51 

124 

175 



2 747 

5 



48 

61 


3-187 

9 



73 

83 


7 


48 

51 

26 

118 

99 


7, 

50 

64 

35 

92 

45 



1-624 

.5 



41 

47 


2-347 

6 



40 

22 

0'4 

L 


30 

27 

61 

III 

164 

0-5 

/. 

137 

54 

86 

204 

244 



3 537 

7 



61 

80 


5-213 

52 



lOO 

118 


7 


90 

37 

34 

120 

129 


r, 

45 

44 

64 

170 

203 



2-007 

10 



49 

61 


3-966 

II 



93 

97 

0 5 

7. 


41 

45 

71 

161 

205 


7; 

49 

56 

41 

101 

72 



4 201 

14 



8) 

99 


2-m 

7 



49 

35 


1 


77 

15 

42 

III 

158 

0-6 

1 . 

180 

79 

85 

221 

231 



2 5)6 

9 



55 

75 


5-361 

69 



108 

112 

0-6 

1. 


70 

57 

70 

205 

244 


r, 

76 

82 

75 

247 

233 



4-753 

28 



100 

117 


4-628 

25 



119 

112 


1 


78 

12 

48 

123 

184 


r. 

50 

54 

47 

119 

104 



2 K71 

10 



62 

87 


3-137 

7 



58 

50 

07 

I. 


154 

86 

87 

268 

275 

0-7 

/. 

155 

no 

84 

290 

258 



5 210 

57 



126 

132 


5-183 

57 



139 

124 


7 


70 

II 

54 

133 

205 


r, 

166 

124 

80 

291 

219 



3 170 

10 



67 

96 


5-096 

62 



134 

106 

0 8 

1. 


307 

46 

04 

196 

281 



53 

48 

52 

134 

139 



S-651 

110 



90 

135 


3-408 

0 



66 

67 


1 


54 

13 

59 

134 

211 

III 









3 435 

0 



69 

100 

direciion 







0 0 

1 . 


246 

6 

98 

128 

287 

0 1 

L 

26 

30 

31 

97 

112 



5-001 

08 



72 

130 


1-731 

3 



39 

53 


1 


42 

I) 

62 

137 

222 


7 

II 

29 

13 

56 

38 



3-566 

7 



70 

104 


0 760 

1 



19 

17 

10 

1 


226 

4 

99 

131 

293 

02 

L 

44 

- 18 

59 

94 

205 



5-068 

91) 



74 

141 


3-359 

9 



64 

98 


7 


52 

2 

61 

135 

235 


7 

29 

50 

25 

93 

66 



3 560 

9 



69 

no 


1-500 

3 



33 

31 

1 10 








0-3 

/. 

97 

30 

84 

157 

248 

diieclion 









4-856 

35 



83 

120 

0 1 

/. 


12 

22 

25 

73 

88 


7 

41 

40 

34 

104 

71 



1 373 

1 



30 

42 


2-170 

5 



41 

34 


7, 


10 

20 

13 

61 

47 

04 

L 

126 

35 

97 

167 

276 



0 8(H) 

1 



21 

23 


5-824 

50 



87 

134 


7. 


7 

24 

9 

30 

20 

1 

T 

48 

56 

38 

114 

93 



0-543 

1 



13 

9 


2-472 

6 



47 

44 

0-2 

L 


63 

20 

48 

114 

165 

0-5 

1 . 

210 

72 

99 

243 

297 



2-660 

9 



55 

78 


6-090 

86 



117 

144 


r, 


43 

50 

26 

114 

93 


T 

58 

45 

39 

116 

114 



1-597 

4 



41 

44 


2-487 

8 



50 

54 


(u(X) is in units of 10''' rud/sec; the widths and shifts are in units of 1 0'° rad/sec. For each mode the upper figures 
are at 300°K, the lower at 80°K. 4,^ is the difference m harmonic frequency between a = 4 050 {T = BOfl'K) and 
a = 4 033 ( r = 80°K ) . A is the total difference between the phonon frequencies at 300 and 80°K. 



phonon line width (10*^ rodsec'^) phonon tin# width (10 rad scc *) phonon (me width (fO’^radsec' 


ANHARMONIC WIDTHS AND SHIFTS IN SIMPLE METALS 


1607 



02 M 06 OB 10 
1 , 0 




01 02 03 04 05 

q, 0 

Fig. 1 3. The same as Fig. 1 2 for T - 300°K. 
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Fig. 14. Minus the shifts between 300° and 80“K for Al 
Open circles, expenmenlal values: squares, calculated 
with the Johnson-Westin potential; crosses, calculated 
with the Schneider-Sloll potential. (a| 100 direction; 
(b) 1 10direction:(c) 1 1 1 direction. 
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etc. are only evaluated for the points in the 
table, no interpolation is needed. In fad it is 
necessary to pass beyond the first BZ. The 
sums for and do not converge, 

but this is not as serious as might be thought. 
The quantities which are needed are 

for q + q,+q. = 0 

and (/j„/)ye(q.qi): these do converge provided 
that (he same number of shells are included 
in the sums for (i„,)y(q):s etc. (Due to the non- 
convergence the condition q+qi+q., = g is 
changed to q+q,+q 2 = 0.) As a consequence 
,„iy(q + R) but instead 

<K,fly(q)- (4.1) 



hij; l.‘>. ( omparison between two difrercnt integration 
meshes (0 I crosses and 0’2 daggers). The studied case 
IS the same us in t ig. I .t(a). 


Values for q outside the first BZ are thus 
easily obttuned. f or <A„/iTs(q) the correspond- 
ing expression ts 

</)„/iy«(qi -t R) -- + gj 

^ l/)„//>ft(<|-.'4 R) 

</),wirstqi)“2(/j„|iys(qi +q2) + </'a/)>f.(qe)- (4-2) 


With the ;iid of tins formula tt is possible to 
make the Itthle smaller. I he litnits of the table 
used for the f.c.c. case are I ? cfr ’ r/.- '0 
in units of (277/u). 

Kecause of the long computing limes and 
the necessarily huge core space it would be 
rather dilficull to use ti mesh finer than 0- 1 in q 
space; this corresponds to about 4000 points 
in the first BZ. Steps of both 0-1 and 0-2 have 
been used in order to estimate the error in the 
integration. A typical result is seen in Fig. 1.^. 
If the integrand varied smoothly the error 
would on average be a factor smaller than the 
difference between the results. Since this is 
not the case it is only possible to estimate the 
error to the same ordei' of magnitude as the 
difference. 

The ft-functions and the principal values 


are approximated in the usual way as 


fi(.\)=- 


7r.t- + e- 



6 


1 he choice of r must be made with great care 
(sec Rohlin and Flbgberg[41). Too large an 
6-value flattens out the structure in the I'tM 
and At A) curves. Too small a value, on the 
other hand, makes the integrand very uneven 
and the result becomes uncertain. A value of 
6 = 01 • IO'-‘ rad/sec has been used for the 01 
mesh and 6 = 0-2 • lO'Vad/sec for the 0-2 mesh. 
This should be compared with the maximum 
phonon frequency in Al which is about 6 • 10'“ 
rad/sec. 

I or the Coulomb part it has been found 
quite sufficient to sum over 3 shells in direct 
space and eight shells in reciprocal space. For 
the ‘electronic' part of the potential the ques- 
tion of how many shells is included is more 
critical. Johnson and Westin[12] have made a 
very careful examination of the number of 
shells needed if their potential is to yield 
accurate (better than l%,j) phonon frequen- 
cies. They found that they needed appr. 
twenty-five shells when they approximated 
the sum for large g values with an integral. 
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The assymptotic behaviour is the same for 
Qi- and Qi) as for the corres- 

ponding harmonic term. In practice, however, 
the 0ajy(q, qi, q,.):^ etc. converge more slowly, 
but since there is no need for the same accuracy 
twenty-five shells are sufficient. 

5. DISCUSSION OF THE RESULTS 

The results pre.sented in Figs. 12, 13 and 14 
for the widths and shifts in Al will now be dis- 
cussed. It can be seen that for the widths 
there is good agreement with the experimen- 
tal values in most cases. This is also true for 
the shifts for the Johnson-Westin potential; 
however, the agreement is less satisfactory 
for the Schneider-Stoll potential. A compari- 
son of the widths for the two different poten- 
tials provides a method of estimating the 
extent to which the results are affected by a 
change of potential. The other Johnson- 
Westin potentials do not give quite so good 
agreement with the experimental values. The 
general trend for the potentials used is that a 
better fit of the harmonic frequencies yields 
widths that agree better with the experimen- 
tal values. This is of course support for this 
type of fitted potential. As a result of the can- 
cellations between the contributions from the 
two different parts of the potential (at least 
for small values of q) and other uncertainties 
discussed in section 5. the error in the numeri- 
cal evaluation is probably around 20 per cent 
for the widths. The fact that the agreement be- 
tween experiment and theory is less good for 
7 = 80°K might in part depend on the difficulty 
obtaining experimental values at such a low 
temperature. The widths here are quite small 
and it is difficult to separate out the influence 
of the instrumental resolution. 

The calculated shifts are the sum of six 
terms which almost completely cancel each 
other, and which Ihem.sclves contain numeri- 
cal uncertainties. The different contributions 
to the shift, i.e. the quasi-harmonic shift and 
the third and fourth order shifts, are of the 
same order of magnitude; this means that they 


must all be calculated accurately. Accordingly, 
the shifts are highly sensitive to small changes 
in the potential which explains the different 
results for the two potentials. 

It is concluded that the use of local poten- 
tials fitted to the harmonic frequencies isjusti- 
fied for the calculation of anharmonic terms. 
In an earlier section it was found highly un- 
likely that higher order terms would affect the 
result appreciably. 

Subsequent to the completion of this work, 
a preprint has been received from Buyers and 
Cowleyll?) presenting measurements and 
calculations of widths and shifts for K. They 
used the potential V'(q) in [16] which corres- 
ponds to in this paper. V^iq) is a poten- 
tial which is of short range character both in 
direct and in reciprocal space and is obtained 
through filling to the harmonic frequencies. 
The use of a short range potential was found 
somewhat questionable in .section 3 but it 
simplifies the calculations considerably. 
Buyers and Cowley obtained acceptable 
agreement between the calculated and the 
experimental shifts but not quite such good 
agreement for the widths. We are indebted 
to the authors for sending us this report.* 

author*, wish lo thank Dr. R. 
Johnson and Dr. L Bohlin tor many helpful discussions 
One of IIS (K S ) IS indebted to the Swedish Nature Sci- 
ence Rescaich Council foi financial support A major 
debi of j!ralilude is. however, owed to I Ebb.sjo who made 
all the data propiaiiis 
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APPENDIX A 

Noloiions and definitions of ihe piopoguiors 
The flee phonon piopagaloi 

/J"iX.ii| ^ (7(4*(«M»'(0))) (A I) 




hk'‘ hk^F 

‘ii(i) = ^; P~~2m '’ (fermi frequency) 


G'“(L)= Cik.iai,)' 


■I «'«■ 


I 


[io)|- (ei,-|u)] 


(A.4) 


Oil = -(21+ I ) for fermions 


g reciprocal lattice vectors 

2' nieiins that Ihe zero momentum transfer should be 
omilled. The full phonon propagator is written 

/)(<//)',«)= <7'(A\|u)A, 5(0))) = (r(/)du)A»."(0)Sl^)))r 

(A 5) 

(only connected diagrams in the last term) 

-4,(''l = (Heisenberg respresenlation). 

.9()3) = Tcxp-| ‘-^-^dii 
1) 

'.v(/i)-r(-| !i^du^ 

'■S( )3) - t( f i J dll, du.'j 


q) Iwaveniimbci vecloi and polaii/ation index) 
Ai, - Uj4u',. ii, boson opei. 1(01 


give the firs! and the second order diagrams etc. 

I liming diiccily lo the frequency dependent propagators 


I U*|- U|[jl ' 

/ time-oi deling opcratoi . 


4,1(1) 



lUi 

/r 


IHk.ii) 




II 

l)(X.io>,)= j l){ii)e"^i'‘dii. 

I) 


(Ah) 


ii)( M haimonic ticqiicncies; fi -- — where f is Ihe tem- 
pcialiirc. 


APPENDIX B 

(DIAGRAM DICTIONARY) 

The diagrams are similar to those for temperalurc de- 
pendency used m 1 1 ) and 1 1 5| 


irOs.iwi) - D,HK)= f dll 

.ii-i J 
II 

2iii(\) n 

^ w, 2( for bosons. (A 2) 

Iui‘ 3 <u'(X) fi 

I he free electron propagatoi 

G''(k.ii) --- (r((^(n|(|,’(())l) (A.3) 


k.iui 


l+iiu,“(ej-)i)| 
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2to( A) 


Cj, fermion operaloi 



ANHARMONIC WIDTHS AND SHIFTS IN SIMPLE METALS 
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(2) Vertices 

(a) Phonon-phonon part 
i \ ” P( ^11 ^2, A.i) = 

^1 / 



‘1>( 1 , 2, 3)Fn|( Ai)p„,( A,i) pilqiH, (q, R, 

[wt A, M\XX, 

l=Ria,, e( A) phonon eigenvector 


« 

■ (Atq, -ql + A(q2-q) + A(q,,-q)) 

• Atq,+q2 + q.,) 

a'' i 

^X| Xj' '2J4 

a»( 1 , 2 , 3 , 4)c„,( A| )('„,( A.lc,.,! AjIeJ A ,) 
|w(A|Im(A,)(u(A,MA.)I"* 

. jj<lqiRi+<j2i<,+qiRi+<|qHql 


xV" I 


(c) Eki tron-phonon part 

lx 




^P(-k„k2.A) = ^m''^ 


1U2MW ‘ 

(kj-k,) -elA) 


‘K' 


y{ k,. k.;, Aj. A^) 




[a.{A)]''> 


(-iPi>(k2-k,) 


(ki-k|) -etAillka-ki) -elA;) 
[(u(A| lutAi)]"'' 


t3) In every vertex energy and momentum are conserved 
tup to a reciprocal lattice vector) 


N.B. in a 
conservation 


vertex there is complete momentum 


C'-tovij ^ - Atq + q.) 

-Atq +q,)-Alq + q,)- A(q + q,) 


+ Atq + q I + qd + Atq + q , + q^l 
+ Atq + q2 + qj} Atq, + q 2 + q , + q, ) 


tX' 

♦ 

!x 


= /’(A,A') = 


.51 'a 


. f(g + q)-A',„t’, 


Fliitl ‘'»itXle„.tA ) 

’ '’"[i.itAMA'ir'- 


F(q) leprescnts the ion-electron-ion interaction tsee 
equation 12 3)), 


(h) Electron-electron part 

|l^ ^ Ft— k, , kj) = etk2 — k| ) ^ [k.» / it. 


|4) A factor (- t- I ^ (25 + I )' ■ Q' 


n the order of the diagram 
E the number of fermion loops 
E the number of fermi loops which give a new diagram 
when the direction of the propagator is changed. 
p the permutation degree tsee 1 1 ]) 


Example. 



',p = 2' 


;> = 3!2I. 


15) 

Intel mediate k.«i 4 =^ 
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AN ELECTRON MICROSCOPIC INVESTIGATION OF 
THE DECOMPOSITION OF VA 

R. J. D. T1U.EV* and B. G. HYDE 

School of Chemistry, University of Western Australia, Nedlands. Western Australia 6009 


(Received 2 \ March 1969; in revisedfoivi It Mav 1969) 

Abstract - The decomposition of vanadium pcnioxide at temperatures up to 4I)0°C in vacuum has 
been investigated using transmission electron microscopy. A number of new phases has been found, 
two of which may be ordered super-lattices of anion vacancies in vanadium pentoxide. No evidence 
of crystallographic shear was observed. 


1. INTRODUCTION 

At the commencement of this study, only 
one intermediate phase was known in the 
composition range VO 2 -VA- the V„ 0 |a 
phase characterised by Aebill). Its structure 
can be derived geometrically from that of 
V 2 O 5 by crystallographic shear[2, 3, 4]. Some 
electron microscope observations were said 
to support a dislocation mechanism for the 
production of shear planes in V 20 .,[ 5 , 6 ] and 
to show the early stages of the conversion of 
V 2 O,, to V„0|;, by this mechanism. Recent 
Leed studies have been similarly interpreted 

m. 

An interest in the mechanism of formation 
of such phases led us to study this system 
using transmission electron microscopy and 
diffraction. Our experiments were designed 
to throw light on the early stages of reduction 
of V. 2 O 5 and, because of this, low temperatures 
were selected. Transmission electron micro- 
scopy is a suitable technique for these studies, 
as it is able to reveal lattice defects on a 
small scale. 

In the interim period V.iO,, an oxide inter- 
mediate in composition between V^Or, and 
V„Oi 3 , has been reported by several workers 
[ 8 , 9J. Its structure is unknown. Another recent 
investigation of the vanadium-oxygen system 


■* Present address: Department of Materials Science, 
University of Bradford, England. 


has revealed three additional phases [ 10 ] also 
of unknown structure and close in composition 
to V,iO,;,. A series of low temperature studies 
of the reduction of both ammonium vanadate.' 
NH 4 VO:), and VjOj in hydrogen[ll] have 
revealed several new phases in the region of 
V« 0 | 3 -V 02 and although the authors have 
deduced compositions of some of these 
phases] 12 ] structures are unknown, 

2. EXPERIMENTAI, 

Single crystals of V.^O,^ up to 0'5x0’5x 
5-0 mm were grown by cooling a melt of 99% 
V-jOr, in a platinum boat, in air, at approxi- 
mately 5°/hr, Cleavage parallel to (OOl)t is 
easy, and samples suitable for transmission 
electron microscopy were obtained using 
adhesive tape or by lightly crushing in an 
agate mortar. These cleavage fragments were 
mounted on carbon films. Some crystals were 
thinned chemically, using a 10 volume 
solution of HjO.,, to provide large plates 
which did not have to be supported on carbon 
films. All crystals studied were of (001 ) habit. 

In initial experiments V 2 O 5 was reduced by 
heating the crystals in the microscope by 
focussing the electron beam after removing 
the condenser aperture. To obtain more 
controlled reduction, V. 2 O,., platelets were 

tWe use Ihe notation of R. G. WyckoffI 131, and the 
lattice parameters of Bachmann el al [14], i.e «„ = 

1 1510 A, b„ — 3 .563 A, (■ = 4-369 A. space group Pmmn. 
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healed in sealed, evacuated, pyrex glass lubes Extinction contours first took on a ragged 
for 1-5 days at temperatures ranging from appearance, which coarsened into a domain 
100 to 450'’C. The reduced crystals were then texture, the domain size depending on crystal 
mounted on carbon films, and studied with a thickness and beam intensity (Figs. I and 2). 
Hitachi HU-)IB electron microscope fitted Continued heating caused the domain pattern 
with a tilting stage, Dark field micrographs to be replaced by an ill-defined mottled 
were taken using the displaced aperture contrast (Fig. 3). Figures I and 2 show the 
technique. formation of a superstructure (Figs, Ic, 2c,) 

X-ray powder patterns were obtained with a followed by another phase (Figs. Id, 2d,) 
Guinier-type focussing camera. termed VOj.. which existed in two twin- 

related forms corresponding to the two 
T ELECTRON MICROSCOPE OBSERVATIONS orientations observed. This was 

3.1 Hearn-heated crysuth confirmed by dark field observations. In the 

Beam-heating is ill-defined, and the effects VOj. diffraction patterns, the angle between 
varied from crystal to crystal. However, the reciprocal lattice rows that are almost 
they yielded an outline of the stages in the parallel to the VjOr, a* direction (a in Fig. 4) 
decomposition of V^O-, crystals at approxi- varies with the proportion of VOj. present, 
mutely 10 ^Torr. which was consistent with When it is the minor component it is con- 
thc results obtained from crystals heated strained by the V 2 O 5 : as its proportion in- 
under more controlled conditions of tempera- creases, the constraint diminishes and 
tore and pressure. The reaction was rapid; decreases to zero. Thus, between the diffrac- 
leading to small crystallites of product, and tion pattern of Fig. 2d (showing constrained 
making contrast interpretation difficult. VOj.) and that of Fig. 3 (in which all the V 2 O 5 



Fig. 4. I he reciprocal lattice of VjOj ■. (indices thus: 200) and the reciprocal lattices of 
two VOj twins, • and O, (indices thus 200 or 200'). The VjO, reciprocal lattice is 
outlined by continuous lines, and the VOj. lattice cells are indicated by dashed or dotted 

lines. 










Fig. 3(a, b). The final stage in the decomposition of V,Os by 
beam heating. Two twin forms of the final product are present 
causing the mottled contrast m (a). 




b 










• t 


• • 

000 . • 200 * 




t 


t 

t 







Fig. (y) and (b) are a micrograph and ditTraction pattern of a crystal of the 
seven-fold superlattice’ type. Note streaking parallel to a* and extension of super- 
lattice spots parallel to b*. (cl is a diagram of the dilTraction pattern. The indices 
refer to the superlattice cell. The largest spots represent V^O., reflections; the 
200 spot marked is also the V/), 200 spot, and the 0 14 0 spot is the VjOj 020 

spot. 
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has decomposed) a continuous decrease in 
a is observed. More intense heating caused 
evaporation and melting, and the study was 
limited to the above sequence. 

To confirm the thermal origin of these 
effects, some crystals were examined on a 
heating stage in a JEM 6 A electron micro- 
scope. These decomposed in exactly the same 
way; as did larger crystals not supported on 
carbon. 

3.2 Annealed crystals 

Crystals annealed at lOO^C for 5 days 
showed a superstructure not observed in the 
beam-heating studies, [mage contrast was 
invariably weak (Fig. .^a) and the presence 
of the new structure was indicated by the 
diffraction pattern (Figs. 5b and c). Both 
micrographs and diffraction patterns resemble 
those reported by Gillis and Remautffi). 
Superlattice reflections were not intense 
enough to give useful dark field images, and 
the weak contrast could not be related to the 
superlattice diffraction patterns in this way. 
Tilting allowed other reciprocal lattice sections 
to be intersected, and the complete reciprocal 
lattice to be constructed. The layer r = 1 is 
at a height of ic^v^os above the zero layer. 
A unit cell can be chosen with a* and b* 
parallel to the equivalent VvO,-, reciprocal 
axes (Fig. 5c). The accuracy of tilting does 
not allow the direction of c* to be determined 
with precision, but does reveal that it is almost 
normal to the zero layer. Hence the dimen- 
sions of the approximately orthorhombic unit 
cell are 

a„ = «;,(ll-5A),h„ = 7b;(24'9A), 

f„ = 2c;(8-7A) 

where the primes indicate V;;05 parameters. 
This is termed the seven-fold superlattice. 
Beam heating of these crystals caused decom- 
position identical with that observed in 
previously unreacted VjO., crystals. 

Some crystals also gave diffraction patterns 
showing the superlattice formed by beam- 


heating. The pattern was never complete, 
and frequently co-existed with the seven-fold 
superlattice spots. Its reciprocal lattice 
spacing parallel to c*vjf)5 was not found. In 
the reciprocal lattice layer observed, assuming 
that in the ideal case all rows of superlattice 
spots extend infinitely, a cell was deduced 
with a* = a*ViO» and b* along with [b*| = 
that is, a„ = 1 1'51 A and = 46-5 A. 
This will be referred to as the 24-fold super- 
lattice. It is found that the V;,05 and VOj. 
reflections coincide with some of the reflec- 
tions from this superlattice. Two twin 
orientations are also present (Fig. 6). 





000 * *,0 


o*. 

° 200 ’ 


Fig. 6. Diagram of the diffraction pattern of the ‘24-fDld 
■fupcrlatlice', (compare with Fig. 2(c)). The spots which 
are also part of the VO^ reciprocal lattice are drawn 
larger than the superlattice spots The indices refer to the 
V A ceil. 


Crystals prepared by heating above 150°C 
were diphasic, containing VO^ and V.,,05. 
The VOj. formed corners of the original 
platelets, or triangular domains extending 
in from the crystal edges (Fig. 7). The traces 
of the domain boundaries lay between 
< I30 )v^ 5 and ( 1.50)vjo.r often varying between 
these limits along a single domain (c.f. Fig. 7), 
The boundaries were approximately normal 
to (001) and were therefore close to {410}\jo,^' 
The presence of VOj. twins was confirmed 
by selected area diffraction; one having its 
boundary close to (4 1 0)v,o, and the other close 
to (410)v,o,. Tilting revealed fringes at these 
boundaries. The crystal is considerably 
distorted during its conversion from VoO-, 
to VOj.. The resulting stress often caused it 
to rupture, particularly when the twin forms 
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came into contact (Figs. 7 and 8). In addition 
it may produce mechanical twinning of the 
Vi,Or, matrix [15], 

V;jOs heated at 2(X)-250T often showed 
VOj^ regions in the central part of the crystal, 
as well as at the edges. Also thin plate-like 
precipitates were observed (Fig. 9). At these 
precipitates, contrast was strongly dependent 
upon both the operating reflection g and the 
deviation of the reflecting planes from the 
Bragg position, s. Using the criteria of Ashby 
and Brown [16], the strain field was found 
to be similar to that produced by vacancy 
loops, that is, in the dark field the bright image 
side faced -t-g. 

Heating above 250T transformed thinner 
platelets into a mosaic of VO^ twins. As 
before, tilting of these crystals allowed the 
reciprocal lattice of the VOj to be determined. 
The new = I layer was not a simple fraction 
of e*v,o, above the zero layer in this case, 
but c*\,ij is perpendicular to it as far as can 
be judged from the available diffraction 
patterns. Ihus the cell is approximately 
orthorhombic with parameters 

u„--'-8-l A,b„= l()-4A,r„- 16-1 A 

J he relationship between u,, and h„ and the 
V,()., cell is shown in Fig. 4. The c axis is 
ptirallel to Cv.n.,. 

.4.3 Inlcrprciiilion 

We presume that the superstructure phases 
and VO, are I'oimed by oxygen loss from 
VT),„ but our experiments have not yielded 
structures or compositions. The two super- 
lattices appear to precede the formation of 
VOj. The seven-fold superlattice is apparently 
identical with that observed but not com- 
mented on by Gillis and Remaut[6], and the 
contrast observed within these crystals 
resembles sets of weak, parallel, but not 
straight fringes (Fig. .“ia). Otherwise the 
crystals appear homogeneous, and it is 
unlikely that the features represent precipi- 
tates of the superstructure, as the contrast 
is weak and not typical of that due to .strain. 


Other contrast effect.s associated with 
precipitates, such as interfacial Moire 
patterns [17] have never been observed. 
These features only occur in the seven-fold 
superlattice structure, and not in V itself. 
They are not elements of shear planes as the 
contrast is not typical of a-boundaries[18]. 
Also shear planes would be expected to 
extend or become more numerous upon 
further heating of the crystals [19] and this 
does not happen upon beam heating. Like- 
wise, crystals annealed for longer times do 
not produce these features in greater pro- 
fusion. as would be expected for precipitates 
or shear planes. At present no satisfactory 
model has been found to account for this 
contrast, but it may arise at boundaries 
between regions containing different arrays of 
ordered vacancies. The observation that the 
beam decomposition of these crystals is 
similar to that of VjO., indicates that the 
degree of reduction is small and that this 
superstructure is perhaps nearer in com- 
position to V„0,, than is the 24-fold super- 
structure. Therefore, although no composition 
data are available, it seems possible that this 
material differs from V ;;05 only in containing 
ordered arrays of anion vacancies. Structure 
factors have been computed for V 2 O,-, with 
various ordered arrangements of oxygen 
vacancies. It was found that either of the 
arrangements shown in Fig. 10 gives the 
correct extinctions to reproduce the observed 
supcriattice diffraction pattern. However, 
agreement between calculated and observed 
intensities is not good, and a more complex 
grouping of vacancies may be necessary. 



Fig. to Arningements of oxygen vacancies (# or 0 ) in an 
Idealised V,Or, malrix, which give rise 10 ‘seven-fold 
superlaltice' diffraclion palterns. 






Fig. 7. (a) A crystal extensively converted to domains of VOj. which are labelled A. 
(b) Small triangular domains of VOj. coherent with the V^Oj matnx 


[Facing pagf 1616] 




Fig 'J. Precipilates in the VjO, matrix. The operating reflection is 3 10. 




Fig. 1 1 (a) Crystals of needle shaped habit formed by vapour growth above on 
VjO,erystalsm (i<« mo, and (b). diffraction pattern of crystal in ta) 


4 
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Until more accurate electron diffraction 
intensities can be obtained using «-beam 
theory, no further information can be obtained 
on this point. 

The 24-fold superlattice is similar to that 
observed in Leed studies of V^Osf?]. We 
have insufficient data to define it in detail, 
but it appears to be closely related to the 
lattices of VOj. and V2O5 (Fig. 6). The 
precipitate features observed (see Fig. 9) 
may be plates of this superlattice form, 
which transform to VOj. as the degree of 
reduction increases. Diffraction patterns could 
not be used to confirm this because they 
showed only faint streaks (through V2O5 spots, 
normal to the precipitates). Similarly it was 
impossible to show that they were VO^. The 
fact that diffraction contrast suggested a 
lattice collapse has not been fully exploited 
in this respect as the strain field around a thin 
precipitate of VOj, is impossible to calculate 
from the incomplete information available. 
The lattice contraction of the VOj. matrix 
parallel to bvjn, and the lattice expansion 
parallel to av,os are of the order of 10 per cent. 
The effect of this in the elastically anisotropic 
VaOr, crystal is difficult to approximate, and 
the rotation of lattice planes also adds an 
indeterminate strain. On the other hand, if 
the 24-fold superlattice is a simple super- 
lattice of oxygen vacancies, little strain energy 
would be expected. Until the structures of 
these phases are known it is not possible to be 
categorical about the interpretation of strain 
contrast. 

During beam heating, the fully ordered 
superlattices are rarely observed. It is 
reasonable to assume that this is because 
vacancy ordering is too slow or temperatures 
are too high. Short range ordering would lead 
to the extensive streaking observed on most 
diffraction patterns (c.f. Fig. 2). Figure 4 
shows that the VO, 040 reflection is coinci- 
dent with 310 or 310 of V.2O5 according to 
which twin is considered. Flence, in the 
conversion to VOj., the planes corresponding 
to {310 }vjO 5 retain the same spacing and 


orientation. However, the appearance of 
the VOj. 020 reflection indicates that their 
constitution has changed in some way. The 
strain at the interface between VOj. and 
V2O5 is due to rotation of planes other than 
the (310} set and to changes in their inter- 
planar spacings. The effect is not large enough 
to cause rupture of the lattice between V..O 5 
and VOj., but is sufficient to cause splitting 
between twins of VOj. (Fig. 8 ). The change of 
shape of V2O5 crystals partly transformed to 
VOj. is in accord with a simple displacive 
transformation (20). Such a deformation may 
be reproduced fairly precisely using a shear 
parallel to (3 10)v.^,j, but this docs not result in 
a composition change. Until the structure of 
VOj. is known, no mechanism for its formation 
can be proposed without making gross 
assumptions. 

4. X-RAV AND OPTICAL MICROSCOPE 
INVESTIGATIONS 

Samples which, in the electron microscope 
appeared to be completely converted to VOj, 
gave X-ray powder patterns corresponding 
to VjO,, with only a few weak extra lines. 
X-ray powder patterns of samples annealed 
below 250T for several days, showed no new 
lines, although when examined in the electron 
microscope many of these showed large 
quantities of VOj.. In the optical microscope 
VOj. (blue-green) is readily distinguished 
from V2O:, (yellow). In this way we confirmed 
that only the thinnest VjO., crystals had 
transformed to VOj.. Grinding VjOs single 
crystals to a powder before heating in vacuum 
did not assist the production of VO^. This is 
because the grinding action tends to produce 
roughly cubic crystallites, whereas rapid 
reaction appears to involve crystals thin in a 
direction parallel to Cvjo,,. The greatest extent 
of reaction was observed with thin plates, 
which had been prepared by cleaving with 
adhesive tape. The VOj^ formation is less 
sensitive to VjOj crystal dimensions in 
directions parallel to a or b. 

Heating in sealed tubes at above 350°C for 
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prolonged periods (up to 60 days), and heating 
in a dynamic vacuum of lO'^Torr. were both 
unsuccessful in producing pure VOj.. X-ray 
powder patterns taken of samples heated in 
the range of 3.‘i0°-40O°C usually showed 
several weak lines not belonging to YjOj. 
and not fitting VO^. ^/-values calculated from 
the electron microscope data. All such lines 
were weak, and the accuracy of measurement 
is low. The most reliable measurements are 
included in Table I. The only agreement with 

7 (iblt‘ I . Values of 
sirr d and inlerplanar 
spat ini^.',, d, of non 
V2O5 lines oa uiri/ii; 
on X-ra\ pliotoj^raphs 
of VT).-, annealed at 
3.‘)0-4(K)°(' in vac uum 


Sin’tf 

< iiK((| 


11(114(1 

(vMi 

0 (IMO 

4 17 

oawt.s 


(1 ()47.r 

t 57 

(I'O.MO 

1 14 

(I'd.Sft? 
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the literature is with the phases reported by 
Sala and llo|l2). Examination of the.se 
samples in the electron microscope showed 
lhal most thin crystals, which, by virtue 
of their morphology were taken as originally 
being V.T)r, platelets, had considerably altered. 
Their appearance suggested that much 
material had evaporated and their diffraction 
patterns were indexed as V,;0,,|. Thus 
reduction to the phases of Sata and Ito(12| 
is possible. These samples also showed 
groups of needles at the crystal edges which 
appear to have grown by vapour transport. 
They were examined in the electron micro- 
scope (Figs. I la and b). It was difficult to 
orient them to give simple diffraction patterns 
and the considerable streaking present 
hindered accurate measurement, However, 
the diffraction patterns are consistent with 


the available data for V307[8,9,21], but not 
with that for VsO,3- The streaking on the 
diffraction pattern indicates disordered planar 
defects in the crystal, and these are revealed 
in the micrograph (Fig. 1 lb). These could be 
disordered shear planes, but as the reaction is 
most likely to involve growth from the vapour 
phase they do not throw light on the formation 
ofVO^. 

Samples annealed for 40 or more days at 
400°C were reduced to a mixture of VbOi.., 
and a phase tentatively indexed as 
These results, and the blue-green colour of 
VO.,, lend credence to the suggestion that 
the phases found with the electron microscope 
are produced by oxygen loss from V^O.-,. 
This suggests that to produce pure VO^. it 
will be necessary to heat V..O,r, at less than 
250°C for long times. Techniques to encourage 
reaction at low temperatures, especially 
hydrothermal preparation, may be essential 
for preparation of reasonable quantities of 
these phases. 

5. CONCLUSIONS 

Following the report by Gillis and Remauf 
|6|, we sought evidence for the occurrence 
of crystallographic shear in V.,0,„ but found 
nothing to suggest that VO,, is derived from 
VT).-, by such a mechanism, or that V^O., 
transforms directly to V|,0|:j. 

It was discovered that the reaction is com- 
plex and that a number of phases exist which 
have not been repoited previously. The 
effect of crystal size was also found to be of 
great importance, and the rate of reaction is 
closely related to the thickness of the crystal 
parallel to Cv.nv Reactions observed to take 
place in thin crystals in a few seconds were 
extremely slow in normal powders and are 
virtually completely inhibited in thick crystals. 

This preliminary report contains only a 
phenomenological description of the changes 
observed. Further work, particularly structural 
studies are needed before this region of the 
vanadium-oxygen phase diagram is under- 
stood. 
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SOME CONSIDERATIONS REGARDING THE 
APPLICATION OF A LINEAR CHAIN MODEL TO 
SOME COMPOUNDS OF THE /Q-W STRUCTURE 

M. WEGERt 

Laboratoire de Physique des Solides,!: Faculte des Sciences. 91 -Orsay, France 
(Received )(i Miiy 1969) 

Abstract- In A,|B compounds possessing the A1 5 (P-W) lattice, such as V.,Si, "A'' atoms are arranged 
in families of interpenetrating linear chains. As a consequence, the electronic band structure may 
display one-dimensional properties. A model lattice is considered by the tight -binding approximation, 
and It is shown that sections of (he constant energy surfaces arc approximately planes, and the wave 
functions arc concentrated on chains perpendicular to these planes, even for quite strong interchain 
coupling. The symmetries of Jd stales localized on atoms oLi single chain are investigated, for the 
cubic and strained stales of the lattice. It is shown that for some bands, the interchain coupling 
vanishes for 1 = 0; for these bands, it is conceivable that the density of slates displays a sharp maxi- 
mum there. It is also shown that due to the special symmetry of the lattice, a uniform uniaxial strain 
can open up a gap at the center of several of the bands of the linear chains, and this effect may also lead 
to a lattice instability. 


1. INTRODUCTION 

Even before the advent of the BCS theory. 
Erohlich[ll suggested that a one dimensional 
chain of metallic atoms, possesses an insta- 
bility against distortion analogous to a second- 
order Jahn-Teller effect, and that this 
instability may be associated with super- 
conductivity. This instability is due to inter- 
action of electrons with phonons of wavevector 
q = 2ki., where is the Fermi momentum, 
and it results in a static deformation possessing 
this wavevector. Later, the suggestion was 
made [2], that in some alloys, possessing the 
Al.S (jS-IT) crystal structure, notably V:,Si and 
NbjSn, vanadium (or niobium) atoms are 
arranged in linear chains, such that the dis- 
tance between atoms in the same chain is 
considerably less than between atoms be- 
longing to different chains; and if the band 
structure of rf-electrons can be described by 
the tight binding model, this property should 
give rise to an approximately one-dimensional 
band structure, which has inherent instabilities 
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which may account for some of the peculiar 
properties of these alloys. Friedel and Labbe 
(.1) suggested, that when kf ^ 0. the singu- 
larity in the density of states of a one-dimen- 
sional system at it = 0, enhances this instability, 
and, moreover, the large density of states is 
responsible for high superconducting transi- 
tion temperatures, and thus the high value of 
Tr and the lattice instability are related. 
Barisic and De Gennes|4] suggested, that a 
one-dimensional structure should give rise to 
a large anisotropy in the upper critical field, 
H,i- It is the purpose of this note to discuss 
some of the properties of the linear chains in 
crystals possessing the A 15 symmetry. 

In section 2. a simple model of a lattice 
consisting of two families of linear chains is 
treated in the light-binding approximation. It 
is shown how this model displays ‘one dimen- 
sional’ properties, namely, sections of the 
constant-energy surfaces are planar, and the 
wavefunctions belonging to these states, are 
predominantly situated on chains perpendi- 
cular to these surfaces. It is shown that these 
‘one dimensional' properties persist even when 
the interchain coupling is not weak compared 
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with the intrachain coupling; moreover, when 
the interchain coupling becomes weak, the 
'one dimensionality’ becomes very large. In 
section 3, the symmetry properties of indi- 
vidual chains of the A 1 5 lattice are treated by 
analysing the representations of the group 
PA.Jmmc which is a subgroup of Pntin, 
the space group of the A 1 5 lattice, containing 
only these operations which leave one chain 
invariant. The band structure is described for 
a t/-band localized on one chain, and the 
effects of other bands, and interchain coupling, 
are discussed qualitatively. The effect of strain 
on the band structure is treated by considering 
‘he representations of subgroups containing 
.he symmetry operations of the distorted 
lattice. It turns out, that a salient feature of the 
chains of the A 15 structure, is that they 
possess a symmetry slightly lower than that of 
an isolated chain, because of their environ- 
ment. First, they lack total rotational invari- 
ance; second, and more important, a translation 
by all (the distance between neighbouring 
atoms) is a symmetry operation for an isolated 
linear chain, but not for the AI5 lattice; 
instead, a screw-axis involving a translation by 
all along the chain, followed by a rotation of 
90° around the chain, transforms the chain into 
itself. As a result, the zone boundary is at 
k, --- via. while for a linear chain it would be 
at A,,. = 7r/tu/2); but, because of the screw axis, 
an extra degeneracy is present at the zone- 
boundary, preventing the existance of a gap 
for non-degenerate bands. Doubly degenerate 
bands may, however, be split at A ^ = via. 
which they would not in a linear chain; and a 
distortion to a tetragonal state, produces a gap 
at the zone boundary even for non-degenerate 
levels. 

In section 4, an attempt is made to account 
for some of the singular properties of V,Si, 
Nb:iSn, etc. in light of preceding work, and the 
results of sections 2 and 3. 

2. A SIMPLE LINEAR CHAIN MODEL 

Consider the following two-dimensional 
model; (Fig. 2): There are two families of 





Fig. 2. (a) A two climen,sional network of two familie.s of 
linear chains,, used as a model to demonstrate 'one-dimen- 
sionalily'. (b) A centered two-dimensional lattice. Here 
the interchain coupling vanishes at the zone boundary, for 
bands with .t or dj, type symmetry. 
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lines, in the x and y directions; each atom 
belongs to one, and only one of the families. In 
the tight binding approximation, assume that 
the interaction integral between nearest 
neighbours on the same line is Ji, between 
neighbours belonging to different lines of the 
same family is zero, and between nearest 
neighbours belonging to different families, it is 
J 2 . Then the system can be described by the 
Hamiltonian 

d iJ 

-till, ("*A.j + c-c-) 

U 

«i* hfj are creation operators for electrons on 
atoms in cell iJ belonging respectively to the 
two families of chains. The wavefunctions and 
energies are given by 

K.i ['( W' + MA] 

u 

+ ^ 2 /jfjexp [/'(M'+My )] 

IJ 

£ = 7 , («'■“ cos krd + cos k^d ) 

where, for band A, 

2a''‘ = I + { 1 + |7.,,/27,(cos k,d-cos 

andforbandB, a'' = -<3'; 

ji’' = a ' 

The surfaces of constant energy are shown in 
Fig. 3(a), for the case 7, = 72. Because of the 
relationship 

E"(kj.d, k^d ) = - E^tt — ki,d,Tr— kjxl), 

the surfaces of bands A and B are identical, if 
points r and M are interchanged, and £ 
replaced by -£. The Fermi surface for occu- 
pation of ^electron per atom per spin, is shown 
in Fig. 3(b). 

It is seen, that the constant energy surfaces 
are approximately squares, perpendicular to 
the jc and y axes. When J 2 < Ji, this effect Is 
even more marked. Moreover, at a section of 


the constant energy surface perpendicular to 
the jr-axis, the wavefunctions are predomi- 
nantly localised on chains in the x direction, 
and vice versa. Quantitatively , one may define 
a degree of ‘one dimensionality’ as the radius 
of curvature of the constant energy surfaces, 
divided by k; or, as the ratio of the 
components of the wavefunction on the two 
families of chains. This quantity is plotted as 
function of kj. (for = 0) for several values of 
J 2 IJ 1 , in Fig. 4. Alternative measures of ‘one 
dimensionality’ are, the inverse distance 
between the corresponding plane sections of 
the Fermi surfaces of the two bands, and the 
number of atoms along a chain, an electron 
follows on the average before passing to a 
different chain (approximately v,-la\E''- 
£*|j8'“). These quantities are also essentially 
equal to the quantity plotted in Fig. 4. 

It is seen, that already for J 2 = 27,, a con- 
siderable degree of one-dimensionality is 
present for values of Aj. which are not too 
small. However, for A, = 0, the energy sur- 
faces are circles, even for 7, considerably 
larger than 7^. For comparison, the band 
structure for a single family of chains, with 
next nearest neighbourinteraction72. is plotted 
in Fig. 3(c), for 7^ = Jj2. For this model, to 
get the same ‘one dimensionality’ (say, de- 
fined as the inverse distance between the 
plane sections of the £ = 0 energy surface), 
as for the preceding two family model with 
Ji = 7i, requires here 7., = 7,/4. Moreover, for 
large values of JjJi, the one-dimensionality 
here increases linearly with this quantity, 
while for the two-family model, it increases 
quadratically. Qualitatively, this may be 
explained as follows. For motion of electrons 
along the chain, the forward scattering ampli- 
tudes add; however, for scattering to chains of 
a different family, successive scatterings 
correspond to different final states, and thus 
transition probabilities, rather than ampli- 
tudes, add, and the scattering is much weaker. 
This argument holds only when the product of 
the transition probability and the time the 
electron stays on an atom, is small; thus, when 
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atom There are two sections, belonging to the two bands The dashed lines indicate the l-ermi surface for an ideal one-dimensional 
modeU2] (c) Constant energ> surfaces for a two-dimensional rectangular lattice with one family of chains, when the interaction in the 
.r-direclion is twice as strong as in the v-direclion. The structure is anisotropic, but less *one-dimensionar than that of (a), as described in 

text 
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I ig. “I I hc 'onc-(lrmensioriali(y'. as deftiicd in text, as 
funcliim ol ihc momentum along Ihe 1 axis, foi several 
values of interchain coupling for the lattice of l ig. 2a 
I Ol band /f, electrons with momenta in lhe.t-direcllon are 
preferentially localised on chains m the t-direciion, and 
lor band II, on chains In Ihe v diicction Along the M-/.-X 
axis ■■■ rr), Ihe same giaph applies, when k,n is re- 
placed by rr k,ii It is seen that there is appreciable 
'one-dimensionalily' even for relatively strong interchain 
coupling, except foi small momenta, and for momenta 
along the line k, -■ k„ 

the electron sUinds still (k = 0), it does not 
apply. 

Another salient feature of this model, is the 
Van-Hove singularity (saddle point) at point 
X. This saddle point gives rise to a singularity 
in the density of states: 


for VjSi'', Nb.-iSn*, and V.-,Ge’. The contri- 
bution to the elastic constants is given 
approximately by [7] 

HCn-Cn) = -\niE,){dE'^IBe^^-dE‘‘lde,,Y 

Thus, a large value of n(Ey) helps to create a 
softening, however, it is also necessary that 
the volume-conserving strain = 
remove the degeneracy between £''(w, 0) and 
£*((), tt); when J-, > T,, this degeneracy is not 
effectively removed by the applied strain. 
Thus, a lattice softening, or instability, may 
also be accentuated by strong ‘one dimension- 
ality’. For Ihe one-family model discussed 
here, with dj -J^, there are also degenerate 

Van-Hove singularities at k = ^(l,0) and 

^(0.1); but dt'''/('lejj. = = 0; while 

when J, # the two Van-Hove singularities 
are not degenerate; thus, no appreciable 
softening may be expected there. 

The Al.S structure, projected on a plane, is 
a centered lattice, rather than a primitive one; 
thus, it might be tempting to consider a two- 
dimensional centered lattice of linear chains 
(Fig. 2(b)). In this case, the energy is given by: 

£ = Ji (a^ cos kj-d+p'^ cos k^d) 

I / o k fd kyd 
+ J,.aP COS COS ^ 

and thus the constant energy surface of the 
band is exactly a square at the zone boundary 
(i.e. the zone boundary is a constant energy 
surface), the wavefunctions there are com- 


llilUri 4IJ.;TVnl4x,mJ,\liE,~ E)] E < E, 
l2(l/d,H4/J,^)'«/«[4jr„V!J,|/(£-EJ] E > E, 


where .r,, is a number of order unity. As pointed 
out by Labbe and Friedell3], a singularity in 
the density of states may give rise to a lattice 
instability, manifesting itself in a martensitic 
transformation, and/or a softening of the 
elastic constants, as observed experimentally 


pletely localized on their respective family of 
chains, and the density of stales has an £“‘'“ 
singularity. However, when states of opposite 
parity are admitted (i.e. a p-band in addition 
to the dj.! band considered so far) the term in 
no longer vanishes identically. If there is 
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considerable admixture of such states, the 
very strong singularity may be smeared out. 
Thus, it is important to bear in mind, that for 
certain bands, and at certain high symmetry 
points (or lines, or planes), the interchain 
interaction integral vanishes, thus enhancing 
‘one dimensional’ properties. 

Thus, it appears that a linear chain struc- 
ture may indeed result in a ‘one dimensional' 
band structure, displaying some of the proper- 
ties observed in p-W compounds, though, 
probably not near k = 0. The A 1 5 structure 
has some additional complications, and re- 
quires a somewhat more detailed discussion. 

3. THE BAND STRUCTURE OF AN ISOLATED 
LINEAR CHAIN OF THE A15 LATTICE IN 
THE TIGHT-BINDING APPROXIMATION 

Consider linear chains, of, say, vanadium 
atoms, in the jr-direction, surrounded, say, by 
silicon atoms (Fig. 5). The distance between 
neighbouring vanadium atoms is a/2, where a 
is the size of the cubic unit cell. The symmetry 
operations under which the chain is invariant 
are given in Table 1. The symmetry opera- 
tions of the group of the complete A 15 
symmetry, are obtained by adding the rotations 
around the threefold axes in the (1 1 1) direc- 
tions. These operations interchange the chains. 
The group Pm'in is discussed by Gorzkowski 
[8]. Consider Bloch functions with k„- k^- 0. 
(In the linear chain model, the energy is 
independent of L.) Then, for Aj. = 0, 
kj. = Inja (point F), and kj. = tt/o (point A'), 
the Bloch waves form an irreducible represen- 
tation of the symmetry group. The classes are 
defined in Table 2, and the character table for 
the irreducible representations is given in 
Table 3. The representations with positive 
characters under correspond to point T, 
while those with a negative character corre- 
spond to point X. At intermediate values of 
kj., (point A), the symmetry operations, and 
characters of irreducible representations, are 
given in Table 4. Figure 6, shows the correla- 
tion diagram between the various represen- 
tations. 




Fig. 5(b) 

Fig. .5. (a) A linear chain of the AI5 latliee. with some of 
its environment, illustrating its symmetry, (b) The first 
Brillouin zone of the A 1 5 lattice, illustrating the points 
investigated in this work. The points marked 'a' are also 
considered briefly (Table 6). 

T uhle I . Symmetry 

operations for the 
linear chains in the 
x-direction 


Operation 

Point X. y, i 
transforms into 

E 

AT. V, : 

C: 

A.-V.-C 

C-; 

z 

Q 

— r. y. — r 

/Hr 

, ~A- c 

fffy 

jr.-v. : 

nt. 

J, .Vi-C 

1 

- 

T ■ 

r-t (i/2. :. V 

r* 

X 4 «. y. ,-. 
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Table 2. The classes for 
points I’, X. The group is 
isomorphic to the group at 
points I', X, of the diamond 
lattice 


Operitlions 


y, h 

Till, ,11, I'm,. n 

< I 

■/(■;, vc::, / 

(■, 1 .K .. I ', l 

m„. Ill, 

< 1,1 / 111,1. I III,. I 'ill,,, I 'ill, 

i'll 7 -hi, 

I , , ( I -r; 

r,, 


In order to get a crude idea of the band 
structure, let us make the following simplifying 
assumptions: the energy is given by Emik) = 
cos kj-all, as in the tight binding 
model, £„, is proportional to the overlap be- 
tween neighbouring atomsf. The potential has 
the symmetry of a linear chain; different d- 
states are not permitted to mix. A crude sketch 
of the band structure in the zeroth order under 
these assumptions is shown in thin lines in 
Fig. 7. 

A slightly better model is obtained, if 
components of the crystalline potential with 
the proper symmetry are introduced, and if 
different d-states are permitted to mix. The 


tE,/ is chosen arbitrarily, but crudely to correspond 
with the band structure calculated by Mattheissl^l using 
the APW method 


7 able ,T Chanu ter table for the irreducible representations at points \' and X 


Representation 


I , 
I , 


I'., 


'' 1 i" I I .1 > 

I I I 




(lass 

r, 


/r 




l•uncllon^ belonging to 
the teprescnialion 


I 


I I I I I 1 I 

I I I I I I I I 

I I I I I -I - I • I -I 

I I I I I - I - I - I 


I I I I C + 

I - I -1 - I I (.e'--r“)„+( 


I I -I 


I ~ I - I 


-I 

1 Ayr„ -evra 


(» 0 0 0 (I 0 (I vv„-ry„ 

- r:„ 


i; 

I':, 

I'i 

I ; 


A, 


I I I - I - I 

I I I I I 

I I I I -I 

I I I I - I 

1 T .-•) 1 


I) 0 


I I I -I 
I III 
I I I 
I I I 

() 0 0 


0 n -2 


! I - I I V-v,r 
I I - I I V'- 


I -I I I 


I -I 
0 0 




0 .iv„ 


0 0 0 0 2 -2 II 0 


r:<, I- .rr„ 


0 0 0 I) 0 0 


(I 0 (I 0 0 0 




xyzn 


0 0 •rVa-l-AV,i 

xz„-xzi, 


0 0 0 


xy„-xyii 
xy„ + x:„ 


X: 


2 -2 -*-2 2 0 


0 0 0 -2 2 0 



LINEAR CHAIN MODEL 


1629 


Table 4. Character table for point ^ {the group here is infinite) 


Representation 

Operation 
E C’s m„, m. 

7' 

Functions transforming under this representation 

A, 

1 1 1 

ftlkull 



a; 

I 1 1 

_ gtkan 



A, 

1 1 -1 



xyzae i*"'j 

a; 

1 1-1 



— yzge'""’* 


A,^ 

2 -2 0 

0 


.n'„f + 



I ig. 6, The correlation of states along the A axis The 
representations X,, and X, are quite similar, and whether a 
state belongs to one or the other depends on the coordi- 
nate system chosen. 

effects of these corrections are shown by 
heavy lines in Fig. 7. Table 5 gives some 
parameters relevant to this figure. 

Corrections to this approximation 
It is possible to consider qualitatively the 
effects of the vanadium .v-band, and the silicon 
.V- and p-bands. If states of these bands 
possess the same symmetry as the cZ-states, 
and if they are not too far removed in energy, 
they will mix with the d-states, and as a result 
the wavefunction will be more extended in 
space, and the energy will depend on and 
k^. As a result, the bands may be broader and 
less ‘one dimensional’. In Table 6, non-d- 
states, possessing the same symmetry as 
d-states at point F, are listed. It is seen, that 



Fig. 7. The band siriicture for an individual linear chain, in 
ihe light binding approximation. The fine lines, indicate 
the zeroth-order approximation; the heavy lines indicate 
the effect of coupling between different (/-bands of the 
Mime chain. Some of the relevant parameters for this 
structure arc given in Table .'i. 

all d-bands can mix with silicon s- and p- 
states, except Ihe antibonding d„,, which, 
therefore, could be particularly narrow. 

One may also consider the interaction 
between various chains, parallel or perpendi- 
cular. 

In order to estimate this effect, the wave- 
functions have been calculated at the point of 
maximum overlap between the corresponding 
neighbours (Table?). The interaction integrals. 
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Table 5. Corrections to the zeroth order 
hand structure due to intrachain coupling 

Lc( the energy levels in the zeroth order be given by: 
EmiC) = £l'« ■■ £m COS kjUll 

and let F be the component of the crystaline potential 
possessing the symmetry of y( v*-;') cos2irjr/fl. 
where,/ is an odd function. Then, mixing of the z/-stales 
by this potential, causes the following corrections to 
the effective mass at point f, and to the energy levels 
at point X: 


II- 

(<VF|F|</„' 

, " (f, ,-f /•;,,) + (£;■,- 

El) 


-z- 




E/.) 

''7 ' 7 

. '' (t'l. + t 1,1 + (/-.!', 

)' 



- 7 - 7-1 




. + 1:, j - (q, 

-FI',) 

-f--) 

^ll 'iL- 

i *-^'1 s 


) 

r 2F., 







|d,„) 


depend also on the volume of large overlap, 
and the potentials, but it is believed, that the 
relative value of |t/i|^ gives at least a crude idea 
of the relative magnitude of the interaction 
integrals. It is seen, that for the c/j.j band, the 
nearest neighbour interaction is predominant; 
for the d^, and bands, the next-nearest 
neighbour interaction is predominant, hence 
these bands cannot be expected to display a 
‘one dimensional’ character. The situation of 
the dj.„, dj., bands is intermediate. The nearest 
neighbour and next-nearest neighbour inter- 
actions appear to be of the same order. 
Bearing in mind the considerations of section 


2, it appears that these bands may display 
some ‘one dimensional’ character. Estimates 
of the interaction integrals derived from 
Mattheiss’ calculation [9] are also shown. It is 
seen, that agreement with the simple, semi- 
qualitative considerations, is stirprisingly good 
at point r. However, if one tries to extend this 
agreement and compare the present structure 
with the structure calculated by Mattheiss 
along the A-axis, no agreement whatsoever is 
obtained. 

In addition to the value of the overlap, 
symmetry considerations are also an important 
factor affecting interactions between different 
families of chains. 

Interaction between perpendicular chains 
can be expected to be strong if states of the 
same symmetry have the same (or nearly the 
same) energy. This occurs at point V for some 
of the states, but not all, for example, a state 
I'l, on chains in the y- and z-directions, also 
has a r, symmetry when referred to the x- 
direction (considering the symmetry opera- 
tions which are common to these families of 
chains), but r, states do not possess this 
property. 

In other words, the states F i of chains in the 
X-, ,v- and ^-directions, belong to a reducible 
representation of the complete group, Pm3«, 
and the irreducible representations of the 
complete group, necessarily contain states 
belonging to different chains, while the states 
F'l belong to a triply degenerate, irreducible 
representation of Pm'in, and thus are eigen- 
states at point r even if mixing between dif- 
ferent chains is allowed. 

Table 8 shows the construction of wave- 
functions of the whole lattice, from those of 
the individual chains, at point F, Thus, states 
Fi, Fa, Fs, F;,, F'^, F^ on chains in the x-direc- 
tion, mix with corresponding states on chains 
in the y- and ^-directions; while states Fj, F^, 
F',, Fj do not, and therefore may be expected 
to be more ‘one dimensional’. 

Another factor to be considered, is the 
width and anisotropy of the bands. Bands 
which are relatively wide, and anisotropic, 



LINEAR CHAIN MODEL 


1631 


Table 6. Symmetry of non-d-functions at the point k, = 0; ky, 
kj= 0,ir/a 

The symbols are defined in Fig. 5. The group at points k = (77/a)(0, 1 ,0)andk = {trla) 
(0. 0, I) is mmrn and it does not contain the operation T; hence. I", and Fj are indis- 
tinguishable. etc., and Fj. Ij' decompose. Vanadium p-functions do not mix with van- 
adium [/-functions of the same chain, because of opposite panty. However, when 
interaction between chains is considered, they must be taken into account. 



k 




Typical [/-func- 
tions possessing 

RepresenlcitioiF' 

(000) 

(Oil) 

(010) 

(001) 
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F, 


pj'+p,' 
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F, 

x'' — .v" 
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d.'-p 

F. 



/V 

P»’ 

d„, 

F, 

Pu 

pf-p.’’ 

s* p/ 

Pz 

ifx. 

I s 

pf p,’' 

.1* 

P/ 

Pf 

Jx. 

r; 

P/-px‘ 

.I"-/ 


pT 

Px* 

‘lx' 





I”-,!" 


t'i 

P/ + Px* 





I’a 

F'. 





d,z 



Px" 



dx. 

I « 


P/ 

Vf 

Pr 

dxz 


Table 7a. Estimate of i|i^ at the point of 
maximum overlap. The radial depen- 
dence of the wavefunction is taken as 

f(r) = exp (-- qr), where q = 0-27 A~' 

There are two nearest neighbours on the 
same chain, eight near neighbours on orthogonal 
chains for states d/, and four for 

states dj„ </„ There are four neighbours on 
parallel chains for states c/j.', <// d„, and two 

for states </„, [/„. The estimate of i/i' for neigh- 
bours on parallel chains is very unreliable, 
because of the large distance, and presence of 
intervening atoms. 


state 

Same 

chain 

Orthogonal 

chain 

Parallel 

chain 

r/x‘(r„F;) 

0-7 

003 

0 0.S 

r 2 ) 

01 

01 

015 

3’ J 1 ) 

01 

0-2 

01 


0-5 

02 

01 


may mix at point P, but for ^ 0, states 
possessing the same symmetry but belonging 
to different families of chains, may possess 
very different energies, and hence not mix 
very much, thus, though all states T,, I'., 
I'a. r.; mix at kj- = 0, 1', may mix less than the 
rest for kj. ^ 0. because the corresponding 
band is broader and more anisotropic. 

Effects of distortion 

Let us consider briefly the effects of strain 
in the ( 1 00), ( 1 1 1 ), and ( 1 1 0) directions on the 
symmetry properties. The strain has two 
effects; it destroys the equivalence between 
the three families of chains, present in the 
cubic state; and it changes the properties of 
the individual chains. A strain in the (1 00) 
direction reduces the symmetry of the crystal 
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Table 7b. Energy levels from MaUheiss’{9\ 
cakukttionfor V.jSi 

The preaeni assignment is somewhat arbitrary, since 
only some wavcf'unctions are given there. E”* detei- 
mined from the difference between the tcn(crs of 
gravity of the bonding and anithonding states; the 
intcrthain coup/ing is eslimated from the .splitting of 
the bonding (or antihonding) states. 

It is seen, that for the d^,, and dj, states, a 'onc- 
dimensionaP model may be a reasonable approitl- 
mation, but not for stales (/„> ,i, d„, as may be 
expected from intuitive considerations 


State Energy 
(By) 

Present 

assignment 

E'" 

(«vl 

Interchain 

coupling 

l«v) 

1 , (1 




1 0 1 

‘L, 1 , 

O' 17 

otn 

1 ,, 0'4 

1 ; 



1 , 0 IS 




1,, 0'2b 

d „. ,, 1 , 

0 06 

0 tn 

I,, 1)42 




1 0 




I'i 0 

<K. 1 

()-(W 

0 O') 

P;,, 0 2K 

li 



li, -112 




1 ,, (lOK 

i/,, P-. 

0 22 

0 02 

1 on 

(/,, p; 



1 ,, 0 .1 





from cubic to tetragonal. Tlni,s. it maintains 
ihc symmetry of one family of chains (those in 
the .r-dircction), but destroys the screw-tixis 
symmetry elements of the chains in the y- and 
;:-directions. The group that is left is mmm, 
which has 8 one dimensional representations. 
The correlation with the original group is 
shown in l able 9, It is seen that the degener- 
acy at point X is lifted. This effect is similar to 
the one postulated by Frohlichfl], however, 
the ditfcrence is, that Frohlich postulated the 
lifting of this degeneracy by a phonon with 
wavenumber q = nliall ) , while here a phonon 
with wavenumber q-O can cause this effect. 
Such a phonon has a much lower energy. 
When the degeneracy is lifted, a singularity in 
the density of states is produced, which is 
similar to the singularity at k = 0, and may 
give rise to similar effects. (A second order 


Table 8. Formation of states of 
the whole A15 lattice, from 
states of individual chains 


‘G'mean.s Gorzkowski's notalionfSJ; 
'B.S W’ means Bouchaerl, Smoluchowski, 
and Wigner's notation, ‘r,-'’ means a P, 
stale, on chains in the x-direction (i.e. 
dj.,) It i.s seen, that eigenstates of the 
lattice, may be eigenstates of individual 
chains, for states Pj, P;, Pj. P,. 


Indivi- Lmearcombinations 
dual of individual chain 
chain states forming 
states eigenstates of the 
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Table Hcontd.) 


Indivi- Linear combinations 
dual of individual chain 
chain states forming 
stales eigenstates of the 

lattice G BSW 


31 


1-;^ + i;. 

•'j*U JU 

i;" +1':,' 

'«? 'U! 

iV +1';,-' 



Jahn-Teller distortion; a large electronic 
density of states; a contribution to the elastic 
constants: a contribution to the electron- 
phonon coupling responsible for superconduc- 
tivity; etc.) Also, the doubly degenerate A.-, 
state is split. The effects of strain in the (100) 
direction have been discussed in great detail 
by Barisic and Labbe[3J. 

A strain in the (Oil) direction, maintains 
two families of chains, y and z. equivalent, 
while family x is different. The symmetry 
group for the family in the ^--direction, is 
given in Table 10; that of the families in the 
y- and z-directions, is m. For symmetry m, ail 
degeneracy is lifted. For the chains in the x- 
direction, the double degeneracy at point X is 
maintained; (there is no longer a screw-axis 
operation, but a glide-plane still exists). The 
degeneracy of slates Ar, is lifted except at 
point X. 

A strain in the (111) direction, maintains 
all families equivalent; the symmetry group is 
given in Table 1 1. The degeneracy of A^ is 
lifted, but the degeneracy at point X remains. 
The lifting of the A 5 degeneracy could give 
rise to a softening of the elastic constant 
an effect observed in V|,Ge[7]. 


Table 9. Correlation between the 
representations of the group of the 
undisturbed chain, and those of the 
group mmm. describing chains under 
strain perpendicular to their length. 
The designation of the representa- 
tions of mmm is that of Jones [ 1 0] 
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Correlation diagram for representations 
of mmm. 
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._/ X 
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A, 


4. APPLICATION OF THE LINEAR CHAIN 

MODEL TO SOME VjX, NbjX COMPOUNDS p.fy compounds. Some of the assumptions of 
In a number of papers, Friedel, l^bbe and this model, are: 

Barisic[3] considered a linear chain model for ( 1 ) That all interaction integrals, except the 
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Table 10. Irreducible representations of the group corresponding to strain in the 

(01 \ ) direction (Peel m) 


Class 
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Table II. Irreducible representations of the group corre- 
sponding to strain in //i<' ( 1 1 1 ) direction ( P2/c) 

Class I Typical functions belonging to 

Representation li T‘ T'‘l T' I 'l the irreducible representation 

l,„ I I I I I r,. r.„ (ry + «)„+ (xy + «)s 

I,,-. I I I -I -I I';, r,. (av-,ul„+ (ay- «)s 

i;,., I 1 - I - I I r;. r,;. (.iy+.x:lo- (av + .rrls 

i ;,, I 1-1 1-1 r;, r;, (av-.ic;l„- (ay-ar)„ 


nciiresl neighbour interaction./,, vanish for all 
t/-bands. 

(2) That there are no crystalline field contri- 
butions to the energy. 

I'hiis, the one dimensional structure gives 
rise lo a singularity in the den.sity of 
states at point T 

(k = 0, k = ~(l.(),0),etc.). 
a 

It is assumed that the Fermi level is situated 
near this singularity, and as a result, the density 
of states is high and strongly energy depen- 
dent, there is a lattice softening, etc. More- 
over, it is assumed that the (/-band in question, 
is the e/„i-jj band (the two being degenerate 
in this model). For these bands, the overlap 
between nearest neighbours is small, hence. 


with assumption (1). this band turns out to be 
extremely narrow. Thus, the Labbe-Friedel 
model accounts for the following experimental 
observations: 

(a) The high electronic density of states, at 
the Fermi level, as determined from the elec- 
tronic specific heat, the susceptibility, etc. [1 1], 
and which gives rise to the high superconduct- 
ing transition temperatures: the strong energy 
dependence of the density of states near the 
Fermi level, as manifested by the temperature 
dependence of the susceptibility, the Knight 
shift, the nuclear relaxation times [1 1], etc. 

(b) The lattice softening[6], in particular 
the softening of the elastic constants C,, — C 12 , 
which is not accompanied by a softening of 
C„, or of the bulk modulus Cii-I-2C,2, and 
the martensitic transformation to the tetra- 
gonal state [5], 
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(c) The repopulation of rf-states, as observ- 
ed by the change of the Knight shift in the 
tetragonal state [12]. 

The difficulty encountered by the Labbe- 
Friedel model is, that it requires a very low 
next-nearest neighbour interaction integral. 
Specifically, this integral, J^, must be small 
compared with the Fermi energy of approxi- 
mately 5 meV, for the density of states to 
display the behaviour there. Since the 
bandwidth is assumed to be approximately 
I eV, this requires that the next-nearest 
neighbour interaction be at least two orders of 
magnitude smaller than the nearest neighbour 
interaction, and this for the bands. 

However, as shown in Table 7, it appears that 
for these bands, the next-nearest neighbour 
interaction is larger than the nearest neigh- 
bour interaction since the wavefunctions 
point away from the nearest neighbours. 
For the other bands, whose width is closer 
to 5eV, the next nearest neighbour inter- 
action must be about three orders smaller 
than the nearest neighbour interaction, for the 
density of states to display an depen- 
dence at £,. = 5meV; while it appears that 
the ratio JJJ., is probably more in the range 
.1-10 (when account is taken of the number of 
neighbours, too). The argument in favour of 
this model is, that it accounts for the experi- 
mental observations of the average quantities 
(like specific heat, elastic constants, etc.), 
while experimental data on the band structure 
is not yet available to prove or disprove the 
model. However, this argument should be 
regarded with caution. It is characteristic of 
one dimensional systems in general, that they 
display singularities which are not present in 
three dimensional systems. Consider the fol- 
lowing examples. 

(a) There is an anomaly in the electron- 
phonon interaction, for phonons with wave- 
vector q = 2A>. For three dimensional systems, 
this anomaly [1 3] manifests itself in a small 
kink in the phonon <o vs, q curves, and has 
hardly any effect on the bulk properties, like 
electronic specific heat, elastic constants. 


etc. In one dimensional systems, this same 
interaction gives rise to the Frohlich instability 
[I], which manifests itself in major alterations 
of the bulk properties: namely, a change in the 
crystal structure, a gap opening up in the band, 
etc. Generally, a Frohlich singularity manifests 
itself in a periodic distortion, with wave- 
vector q = lkf, rather than a uniform strain, 
as is the case in VjSi, etc. However, for the 
special symmetry of the A 1 5 lattice, a uniform 
distortion may have equivalent effects, as 
discussed in section 3. 

(b) Interactions between electrons, whether 
direct or indirect, are enhanced in one dimen- 
sional systems |2, 14], In a pure' one-dimen- 
sional system, this enhancement may be 
reduced by a larger effective screening [14]; 
however, in a metal, it is likely that screening 
is due predominantly to electrons of other 
bands, and is thus normal’, while the inter- 
action between electrons on a chain displays a 
singularity, enhancing the effective density of 
states. 

(c) In a three dimensional system, the density 
of states function displays a ‘weak’ singularity 
(derivative going to infinity like £"''-) at band 
edges; in a one dimensional system, the sin- 
gularity is strong, the density of stales itself 
rising to infinity like £"’'^ (the Labbe-Friedel 
model [3]). 

(d) In the model of section 2, the Van-Hove 
singularities at point X. don’t contribute signi- 
ficantly to softness of the lattice in an ’ordi- 
nary’ system, while for a "one-dimensional' 
(linear chain) model, they result in a lattice 
instability. 

Any of the four examples cited here, yields 
an infinity in the effective density of states, 
elastic constants, etc, and thus can account 
for anomalies as large as we please. But for 
this very reason, the observation of large 
anomalies cannot be regarded as a proof 
for one of the models, rather than another. 
Moreover, two-dimensional systems also 
display anomalies, though weaker than for 
one-dimensional systems (such as a finite 
discontinuity in the density of states function). 
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and anomalies like those may also be sufficient 
to account for the anomalous properties of 
NbjSnllS). 

A difference between possibilities (a, b) on 
the one hand, and (c, d) on the other, is that for 
(c, d) it is the bare density of states which is 
enhanced, while for (a, b) it is an effective, 
dressed density of states which displays a 
singularity, and therefore magnetic properties 
(like the susceptibility and Knight shift) should 
be enhanced differently (less, for interaction 
via phonons) from non-magnetic properties 
(like electronic specific heat, nuclear relaxa- 
tion times, etc.)[161. Experimentally, for V;|Si, 
the electronic specific heat yields a density of 
suites of approximately 6 states per atom per 
eV, and the tempeniture dependent component 
of the susceptibility also yields this value. On 
this basis, essentially. Clogston and Jaccarino 
originally proposed the narrow hand model for 
these alloys [ 1 1 1. On the other hand, for Nb;,AI, 
as pointed out by Willens et <if.[l7|, the 
'magnetic' density of states is very small 
compared with the non-magnetic’ one. I'hus, 
it appears that the l.abbe-Friedel model may 
account lot the singularities of V^Si, and like- 
wise V|Cla. and perhaps Nb.|Sn, but perhaps 
not for the singularities of all compounds with 
this crystal structure. 

The I abbc-Ericdel model is so simple, and 
it proved so successful, that it probably must 
be quite near the truth. However, the preceding 
considerations indicate that a more thorough 
consideration of the wavefunctions, and effec- 
tive interactions integrals, is required to 
establish this model firmly. 

The hand structure of several A;,B com- 
pounds was calculated by Mattheiss|9], 
employing the APW method. The difficulty 
with band calculations of this kind, is that it is 
hard to get a resolution of 10 meV in energy, 
which is approximately the width of the peak 
in the density of states function required to 
account for the anomalies. Moreover, with the 
APW method, it is hard to evaluate the effects 
of lattice distortion, while the lattice distortion 
(martensitic transformation, softness of elastic 


constants.) is one of, if not the main, feature 
characterising the anomaly. Another criticism 
of the application of the APW method to this 
system was pointed out by Friedel. The dis- 
tance between vanadium’s nearest neighbours 
in V^Si is 2-36 A, while in vanadium metal it is 
2-63 A. Because of the closer distance, the 
approximation of J-functions as non-overlap- 
ping spheres, inherent in the APW method, is 
not so good, and it is possible that the strongly 
overlapping i/-functions form something closer 
to a chemical bond, which may perhaps be 
better described by something like the tight 
binding approximation. This argument may 
apply to the and d„ functions, which 
form ir and tt bonds, but probably not to the 
d„:,d„i^,t functions, which overlap only very 
little. Also, from Mattheiss’ calculation it is 
not clear in what sense A,.,B compounds are 
different from other metals and why just they 
display the strange anomalies. However, a 
calculation of this type, if it provides detailed 
information about the wavefunctions. in addi- 
tion to energy levels (i.e. the fraction of d- 
character, the fraction of i/-functions localised 
on a given family of chains, etc.) can probably 
serve as a key for understanding the properties 
of the band structure even with lOmeV 
resolution, if, for example, tight binding is 
regarded as an interpolation scheme and the 
parameters adjusted to the gross structure 
calculated by the APW method. An interesting 
feature of Mattheiss' calculation, is that the 
derivatives dl'ddk vanish at point X. in the 
direction of the A line. It is not obvious, from 
elementary symmetry considerations, why all 
these derivatives must vanish. (See Fig. 7 here, 
for example.) If this vanishing is correct, it 
may throw light on some additional property 
of the A;|B lattice, and incidentally, contribute 
to a large increase in the density of states at 
point X. Thus, it appears that the peculiar 
properties of the A 15 lattice, have not yet 
been fully accounted for. 

The considerations of the preceding sec- 
tions, suggest a number of possibilities to 
account for the anomalies in the density of 
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States. For the bonding and antibonding 
(/„a-z 2 , djs bands, the effective next-nearest 
neighbour interaction integral vanishes at 
point J’. The antibonding band is probably 
so high above the Fermi level, (about 5 eV 
according to the estimates of Table 7), that it 
most likely cannot account for the observed 
anomalies. As for the and bands, the 
nearest neighbour interaction is probably 
weak, due to lack of overlap, thus these bands 
may be expected to provide sharp peaks in the 
density of states function, near k = 0, and the 
wavefunctions may be localised on the appro- 
priate family of chains. In Table 1 2, the matrix 
for the du! band, in the tight binding approxi- 
mation, is given. Since probably J,> i,, the 
one-dimensionality of these bands is limited to 
the close vicinity of the kj. = 0 surface. If the 
interaction between parallel chains, y.-i, is 
neglected, the surfaces of constant energy, for 
kj. 9^ 0, are not planes, but their distance from 
the /tj = 0 plane is twice as large font^ = k^ = 0 
than for ku = 7rla, <:^ = 0. However, near 
kj. = 0, this band structure provides an E'"* 
singularity in the density of states. 

The factor that could most likely smear out 
this k = 0 singularity, is admixture of dsy, dj.^ 
and vanadium 4p states, belonging to different 
chains. Assuming that the width of the dj.^ 
band is of order 1 eV, and that of the 4p band 
of order 10 eV, then roughly, 5% admixture of 


the first, and 0-5% admixture of the second, 
are sufficient to wash out the peak. The ad- 
mixture of 4p states into the bonding dyi-^i, I’a 
stale, was estimated by Mattheiss[9] to be 
about 0-4%; estimates for the other stales are 
not available, but most likely do not differ by 
orders magnitude. However, the APW method 
introduces also plane wave slates, whose 
physical nature here is not very clear, but 
which could in principle smear out the sin- 
gularity. It is also instructive to note that the 
dublet of the antibonding band, I'lj, at 
0-5 /?y, of Mattheiss' calculation is extremely 
flat along the A axis. The dublet of the 
bonding d„^band, 1'^, however, is not very flat. 
Thus, it appears that the existence of sharp 
peaks near point I ' for the bands for which this 
is allowed by symmetry, cannot as yet be ruled 
out, or. for that matter, be regarded as firmly 
established. 

Another possibility is. that the anomaly is 
due to states near point X. For the center of 
the appropriate band (£ ~ 0) at point X (see 
Fig. 8). the energy varies on the zone face, 
essentially like (AV'+Aj.-)a*/2; if we 

assume J, = I eV, « 0 2 eV, then over 
about half of the zone face, the energy is 
within 0-01 eV from the energy at point X. 
The energy level diagrams given by Mattheiss, 
indeed indicate that some bands are very flat 
on the zone face, near point X. If the energy 


Table 12. The Hamiltonian matrix of the d,, 
slates on the three families of chains in the liphi 
binding approximation 

Ji IS the nearest neighbour interaction, Zj the ncxt-nenrest 
neighbour interaction, and 7, the interaction with the nearest 
neighbour on a parallel chain I j-' means a I', slate on a chain m 
the A-direction, etc. The matrix elements not written down are 
obtained from the given ones by acyclic permutation of a, y, z. 


(l',/|jf"|T/) =7,(1 +cosn<j.) -Z/j(cosflJt„ + cos uk,) 

(I ^ ~7,( I +C0S(iA,) -2Z|(coso*, + cos ak;) 

(r/|a''|r./) sinntj. 

(r,-|,r|r:,»> = (iy|,r|r/> = (r/mi?) - <iy IcTIi?) = o 

( I / 1.^ ITi") = -4!^ cos (ukJT) sin (uUT) 

W \ f j") = “Wj cos {akJ2) cos [akJD 
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t ig 8. Eirect of interchain coupling, for the inttividuul 
components of the (f-band. The strongly energy dependent 
band, coricsponds to states predominantly of chains in 
the direction of k foi bands I'j, 1^, I'j, the degenerate 
triplet at - 0 indicates that states localised on individual 
chains are eigenstates. The diagram is qualitative only. 

dependence on k^. along the A axis, at point A", 
is quadratic, E = Jykj-a-ll. then about 5-10 
per cent of the stales for a non-degenerate 
band, and 10-20 per cent for a doubly- 
degenerate band, like in the zone are 

within O-OI eV of T his is probably an 
overeslimale, since for ihe states of the 
r/j.j bands, the energy dependence is indeed 
quadratic, but probtibly with a factor larger 
than ,/,; while for the band, the dependence 
is probably linear. Nevertheless, it is seen, that 
one can account for approximately 7 per cent 
of the states in the zone, per chain, per spin, 
being within 0-01 eV, as indicated by the 
experiments [1 1], Moreover, when the density 
of states is high in the first place, interaction 
with phonons, etc , results in further enhance- 
ment [16], 

The softness accompanying the high density 
of states, can also be accounted for. For the 
singularities near point I', the Labbe-Friedel 


model applies. Near point X, a uniaxial strain 
has two effects: (a) it opens up a gap, due to 
elimination of the glide-plane symmetry 
element; and (b) it results in repopulations 
among states corresponding to the three points 
X (along the (100), (010), and (001) directions). 
Both of these effects result in softness of 
order[7) 8 {Ci,-C, 2 ) <^-tt(Er) 

where is the strain tensor. This 
amount is sufficient to account for the experi- 
mental softening in VaSi, Nb^Sn, etc [5, 6 ). 

Thus, the peculiar properties of VaSi, 
NbaSn. etc. may be the result of the Fermi 

surface lying near point ^,11 = -( 100 ), and, ( 1 ) 

The density of states there being high, as a 
result of the energy varying with and only 
like {J/lJ,){k/ + kj‘)u\ roughly; ( 2 ) the elec- 
tron-phonon interaction (Kohn anomaly[13]) 
being enhanced by the flatness of the Fermi 
surface, resulting in many electronic states 
interacting with the same phonon; (3) the 
phonons interacting predominantly with the 
electrons, being 0 ) = 0 phonons; (4) the density 
of states being further enhanced by feedback 
effects, through electron phonon interaction 
1 16], etc. For the first three properties, one 
dimensionality, as defined in section 2 . is a 
necessary and sufficient condition, except for 
(3), where the existence of a symmetry 
element like a glide plane may also be neces- 
sary. (The original Frohlich model[lj does not 
display this property). 

However, this account for the peculiar 
properties of the A15 lattice, must at present 
be regarded as tentative, since there is as yet 
no direct evidence as to what electronic states 
are responsible for them. 

S. CONCLUSION 

The electronic band structure of alloys like 
V;,Si appears to be complicated, and probably 
not yet properly understood. Therefore, it is 
hard to make definite conclusions, and it is 
only possible to point towards factors which 
might possibly give rise to anomalies similar to 
the ones observed experimentally. It appears 
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that the following factors may be of relevance: 

(a) The linear chain structure causes the dis- 
tance of the next-nearest neighbour to be some 
22 per cent larger than the nearest neighbour 
separation. As a result, the next-nearest 
neighbour interaction may be somewhat 
weaker than the nearest neighbour inter- 
action: however, it is unlikely that the differ- 
ence amounts to several orders of magnitude. 

(b) Because of the topology of the linear chain 
structure, a next-nearest neighbour inter- 
action which is only somewhat weaker than 
the nearest neighbour interaction, may cause 
sections of the constant energy surfaces to be 
planar and the wavefunctions to be localised 
predominantly on one family of chains, (c) 
Because of the symmetry of the lattice, the 
next-nearest neighbour interaction may vanish 
for some values of the crystal momenta, for 
some bands, and this may give rise to sharp 
peaks in the density of states there, (d) Because 
of the special symmetry of the environment of 
the linear chains of the AI5 lattice, doubly 
degenerate bands split at the center of the 
Brillouin zone characterising an individual 
chain; this splitting may give rise to singul- 
arities (sharp peaks) in the density of states 
there. Non-degenerate bands do not split in a 
perfect crystal, but do in a distorted crystal, 
and this splitting too may give rise to a lattice 
instability. 

It thus appears that the linear chain model 
may account for the anomalies observed in 
various AaB compounds, but it is not yet clear 
which band is responsible for the anomalies, 
and in what way; also, it is not yet clear 
whether other models may not account for the 
anomalies as well. Thus, further information 
about the nature of the electronic wavefunc- 
tions is necessary in order to draw more 
clear-cut conclusions. 
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lonicity of some polar crystals 

(Received I December 1969) 

Some physical and chemical properties 
of crystals are influenced by the bonding 
nature of the lattice, which is represented 
by the ratio of covalency to ionicity in the 
case of polar crystals. Hitherto, this ratio 
in the bonding A-H has been given by the 
electronegativity difference between atom A 
and R. However, the electronegativity has 
been defined mainly in connection with mole- 
cular bond, so that more appropriate criteria 
based on the properties of solid lattice should 
be necessary in order to express the bonding 
nature of the solid lattice. 

It was noted previously that [LOjTO)- is 
a liner function of for 111-V compounds 
[1] and for 1 1- VI compounds |2|, where 
q* is the effective charge defined by Szigeti 

[3] and iLO) and (TO) are the phonon 
frequencies of longitudinal optical and 
transverse optical blanch at the Brillouin 
zone edge, respectively. Marshall and Mitra 

[4] noted also that plotting {(i)u)-o)T(i)l(»ri) 


against q* for these compound gives straight 
lines with different slopes, where to,,, and 
are the frequencies of longitudinal optical 
and transverse at the zone center {k - 0). 

As the Lyddane-Sachs-Teller relation, 
= ex/e,, shows, the quantity 
(<or„l(^i.oV indicates some degree of the 
ionicity of the polar crystal. The effective 



Fig. 1. Correlation of the effective charge of polar 
crystals with the ratio of the optical frequencies. 



f ig. 2. Plotting the ratio of optical frequencies against electro- 
negativity difference. 
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charge per one formal valency, {q*jn) is 
considered to show this degree also, n being 
formal valence number of the bond. We can 
find that plotting (q*lny^ against 
gives straight lines for 111-V compounds, 
for 1 1- VI compound and for some oxides 
as shown in Fig. I . 

In this figure we can find that chalcogenides 
fall on one line and that ABi type compounds 
fall on this line by using effective charge per 
one formal valency. No such correlation 
exists for alkali-halides, for which the effective 
charge is explained successfully by shell 
model [5]. It is interesting that this relation 
holds good for oxides in spite of the large 
ionicity of oxides which is comparable with 
that of alkali-halides. Plotting {w., 
against usual electronegativity difference 
(A",, -A"/,) defined by Pauling[6| is shown in 

1 ig. 2. Except for a few compounds a linear 

relation is held between them. In conclusion 
it may be said that the quantities {q*ln)- 
and can indicate the ionicity of 

polar crystals except some compounds 
such as alkali-halides. The values of q*\ 
oju) and are adopted from Refs. [4] and 
[7-141. 
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On the anomalous /^-colouring behaviour 
of irradiated alkali halides 

{Received I December 1969) 

In TWO recent papers to this journal [I, 2], 
Mehendru, Mitra and Sootha have reported 
the occuirence of rather strong anomalies 
in the /••colouring curve of KCI (Mn) irradi- 
ated with X-rays. They indicate that the same 
behaviour is not observed in pure KCI. In 
this letter we would like to call the attention 
to similar effects, which have been observed 
in the past by several authors and, recently, 
investigated in our laboratory and, in part, 
reported to the current literature. 

In I9.VT Platt and Markham[3) found that 
the rate and shape of the f-curve of X-rayed 
NaCI, depended on the dose of the partial 
irradiations and the time elapsed between 
them. By changing these two magnitudes the 
authors were able to produce clear anomalies 
in the shape of the curve. Strong changes 
were also obtained by Nowick[4, 5] in 
thermally and mechanically treated NaCl, 
and have been also observed in the curves 
reported by a number of authors [6]. This 
anomalous behaviour has been usually attrib- 
uted to the thermal bleaching of the f-band 
and the possible influence of some other 
colour centers. 

Over the last three years, we have carried 
out a very detailed investigation on the 
anomalous colouring of NaCI [7-9], and it 
has been well established that it appears 
whenever the irradiation is resumed after 
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a certain interruption time. The magnitude 
of this effect depends, aside of the interruption 
time, on the type and intensity of radiation. 
The anomalous colouring zones, which have 
been termed ‘transient regions of colouring’, 
are not observable when the dose given to 
the crystal after the interruption is sufficiently 
high. On the contrary, if the dose is short 
enough, a clear decrease in the F- center 
concentration is produced. Then, when the 


crystal is irradiated with short partial doses 
separated by interruptions, the colouring 
is accomplished through succesive transient 
regions and a anomalous F-curve can be 
obtained [7]. 

Primarily, the change in the shape of the 
F-growth curve after an interruption, is a 
consequence of two basic phenomena: a 
thermally activated retrapping in the lattice 
of anion vacancies which have been liberated 



Fig. I Anomalous behaviour in the F-curvcs of X-rayed ( 120 kV. 
13 mA, 2mmAI filter) NaCI. KCI and KBr samples (see, text) 
Sample thicknesses are as follow: NaCI (Sr). (/= I -2 mm; KBr 
(Harshaw), </=3()mm; KCI (KorIh). d=l-2mm. KCI (D). 
d= I'Smm; NaCI (Harshaw). d— 1-0 mm. The KCI (D) has been 
kindly supplied by Mr. E. Dominguez. 
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by radiation and f-center bleaching induced 
by ionizing radiation [8], The role of the F- 
center thermal bleaching has been shown to 
be very small and cannot explain the observed 
effect at all [8, 91. 

Essentially, the same behaviour as in pure 
NaCI has been observed in Ca+^ and Sr^'^ 
doped NaCI. 

Lately, we have tried to determine whether 
the transient colouring effects exist in other 
alkali halides and, therefore, some anomalous 
behaviour can he expected. So far our experi- 
ments have indicated the existence of trans- 
iente zones in X and y rayed KCI and KBr. 
In fact, short irradiations interrupted by 
different times, have been very succesfully 
used, as irradiation procedure, to colour 
KCI in a very striking way (10). On the other 
hand, in LiF (Harshaw) we have been unable 
to detect anomalous colouring with the same 
procedure and type of radiation. 

Figure I illustrates the rather strong changes 
produced in the f'-curve of a number of X- 
irradiated (l20kV, 13 mA, 2 mmAI tiller) 
NaCI, KCI and KBr samples, by a reduction 
of the partial irradiation dose. In the case of 
the NaC'l samples, the time elapsed between 
these short irradiations was longer than the 
normal measuring lime (- 10 min) to make 
the effect more apparent. In fact, similar 
anomalous curves can be obtained by just 
increasing the interruption times without 
altering the partial irradiations doses. 

Although the Indian workers do not give 
full details on how their anomalous curves 
arc obtained, the efl'cel appears to be the same 
one detected in our laboratory which might 
be magnified in their KCI (Mn) samples. 

It might be worthwhile to point out that 
anomalous effects in the M-center growth 
curve have been also reported by Dahnke 
and Thommen[ll] for X-rayed KCI and, 
more recently, by Sanchez and Agullo- 
L6pez[l2] for y-irradiated NaCI. In the 
latter case, the effects are closely related to 
the transient colouring regions observed in 
the F-curve, whereas the anomalies reported 


by Dahnke and Thommen are attributed to 
some jW-centers which are thermally unstable. 

At knuwled^emeiH -The authors gratefully acknowledge 
the contmuos encouragement of Dr. Vigon. 

Diviitdn de I'isku, C. SANCHEZ 

Jmitude Energ'm Nuikur. F.JAQUE 

Madrid, Sptiin F AGULt.O-LOPEZ 


REFERENCES 

1 MEHENDRU P. C.and Mi l RA V.J.Phvs.Chem. 
Solidi 30, 1021 (1969). 

2 MEHENDRU P C. and SOOTHA G. D., J PIm 
Chem.Snhds 30, 1012(1969) 

1 Pl ATf R. T. Jr. and MARKHAM J. J , P/iv.t. 
Hev.n, 40(19,^2) 

4 NOWICK A S.. P/ivs.Rcr. Ill, 16(1958). 

5. AMEI.INC KX S. Proc. Ini. Silwal of Phynus 
'Eimio lerini' .yi 465 XVtli Course(l96()). 

6 See for example: BRON W. E, Rev- 119, 
1X51(1960) 

7, AGUI I 0-1 OPEZ I-., Solid Slate Commun. 4, 275 
(1966) 

8 SANCHEZ C and AGUI I.O-l,OPF,7, F. Plies. 
Slalus. Solidi 

9 SANCHEZ C and AGULLO-LOPEZ F, Solid 
Suite Commun 5,495 1 1967). 

10 JAOUE I-., SANCHEZ C and AGUI. 1.0- 
l.OPF.Z F., Solid Stale Commun. 7, 55.t (1969). 

It. DAHNKE H. G and THOMMEN K. /. PIm 
184, .167 (1965). 

12 SANCHEZ C. and AGUI.I.O-I OPEZ F , Cmitil 
Uilliee Deteas I. 109(1969) 


J Plies Chem.Solid.s Vol. 31,pp 1644-1647. 


Wachtman’s equation and the temperature 
dependence of bulk modulus in 
nonoxide solids 

( Ret eived 1 5 Oeloher 1 969; in revised form 
Deiemheri 1969) 

A RECENi short communication! 1] showed 
the possibility of the validity of Wachtman's 
equation for explaining the temperature 
dependence of bulk modulus in nonoxide 
solids. Wachtman et al., in 1961, suggested 
[2J an equation for the temperature depend- 
ence of Young's modulus in oxide compounds. 
Anderson carried out[3] an interpretation of 
the parameters involved in the equation while 
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considering a corresponding equation for the 
temperature dependence of the bulk modulus: 

5, = fl„-/»7'exp(-T„/T) 

where b = 3/?'y6/K„. 

Here Vo is the specific volume per ‘average 
atom’, 6,1 is the bulk modulus at 0°K, R the 
gas constant, y the Griineisen parameter 
and S the Anderson-Griineisen parameter. 
Anderson further wrote the equation as 

e, = 6„-(y8/K,)/c.,dT. (I) 

The integral / C, dT being the thermal 
energy, £, in the Mie-Griineisen equation of 
state, ihe equation (I) can be modified, and 
can now be written as 


S, 


n y^T Em 
“ V„ T 


( 2 ) 


where (-) is the characteristic temperature of 
the solid. This equation was shown to hold 
good for explaining the temperature depend- 
ence of bulk modulus in MgO[.31. 

In this article we present some results to 
confirm the conclusion! 1 ] reached earlier. 
Calculations of bulk modulus at various 
temperatures using equation ( 2 ) have been 
carried out in nonoxide solids TIBr, CaF,, 
BaF^, NaCI, Al and Li. There, probably, is a 
value in such correlating equations for predic- 
tion of equation of state data in ambients 
inaccessible to direct experiment, for example 
in the core of planets. 

The temperature dependence of elastic 
constants and y in TIBr have been recently 
reported by Morse and Lawson [4]. Using 
these values of bulk modulii and y, the 
temperature variation of Anderson-Griineisen 
parameter, 8 , is evaluated from equation ( 2 ) 
and is shown in Fig. 1 alongwith the variation 
of y as given by Morse and Lawson. The 
values of E(VilT)IT have been taken from the 
tables given in a convenient form [5] for 
various values of (0/T). Both y and 6 were 
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F,g. I. rhe temperalure variation of 6 and y m TIBr ■ 


previously thought to be virtually independent 
of temperature. The average value, 6 av. 
comes out to be 5-2.3. Assuming the Dugdale- 
MacDonald relationship[ 6 ], Chang has 
recently shown[7J 8 = 2-y. The values of 
8 a, and the values of-y are now used to calcu- 
late the bulk modulii at different temperatures 
(Fig. 2). A good agreement with the experi- 
mental values was found when the room 
temperature value of-y and 6 (= 2 -y ) were used. 

The temperature dependence of bulk 
modulus in Al in the temperature range 
293-925°K have been recently reported 
[ 8 ). The value of Griineisen parameter, y, 
calculated as 2-17 agrees very well with the 
high temperature value of 2-27 determined 
from third order elastic constants. With an 
arbitrary value of B„, and 8 = 2y, the bulk 
modulii at different temperatures are shown 
in Fig. 2 along with the experimental values. 

The temperature and pressure variation of 
the elastic constants of CaF^ and BaFj 
have been given by Wong and Schuelet9] 
alongwith the temperature variation of y. 
Calculations of the temperature dependence 
of bulk modulus in CaF,, using these values 
of y and 6 = 2 y have been represented in 
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T,"K 

f ig. 2. The leniperiilure dependence of bulk modulus in 
lIHr iind Al TIHr Using 6“ 5 22; 


6 = 2'y(> temperalure dependent). Using room 

tenipeiuluie value of y and 61“ 2y) Al. Using 

6 = 27. 


Fig. .V From thermodynamical considerations 
Chang showed [7| that the pressure depend- 
ence of the bulk modulus at constant tempera- 
ture is related to 8 by 8 = (dSj/dP)- I. 
Using this value of 8 and the room tempera- 
ture value of y, S, at various temperatures 
were calculated and are included in Fig. ,U 
I'he value of used is for the best fit of the 
theory and experiment. Similar calculations 
were performed for BaFT, and the results are 
given in Fig, 3. The calculated values corres- 
pond to 8 = (dfly/d/’)- 1. The estimated 
values of fl, for 8 = Zy come out to be only 
slightly higher than the experimental ones. 

The elastic constants of NaCI at 4-2 and 
77-3“K have been reported by Fugate and 
Schuele|10). The value of -y is taken from 
Born and Fluangll 1] and the different values 
of 6 from Mathur and Singh [12]. The value 
of B„ is selected for the best fit between 
theory and experiment, and the temperature 
dependence of B, is included in Fig. 3. 



Fig. 2 Tempeialiiie dependence of B, in BuF.j. CaFj, 

NaCI and l.i CaFi. Using S = 27. y temperature 

dependent: Using S = (d/J^/d P) — 1 ; BaFj. 

Using 6= (dfir/dP)-!; Naf'l: 0 Experimental 

value. Ref. 114|, Using 7= I 42 and 5 = ,S M; 

Usings = 2-.S7; Using 6 = 4'04; Li 

Estimated value using (76). 


The variation of bulk modulus with tempera- 
ture in the range 78-298°K for Li are now 
available [13J. However, value of neither 
y nor 6 is known. The value oftyS), therefore, 
is calculated as follows: 

Assuming that y and 6 are not much 
temperature dependent, the bulk modulus at 
any two temperatures can be written as, 


R -R -Wt 

R -R 


E{&IT) 


T 

E(QIT) 


T-Ti 


JT~Ti- 
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Therefore, 




Bt, Bfj 


miry 

T . 


-T, 


-miry 

T . T-Ti 


The value of (yfi) can now be evaluated from 
the experimental values of B, at any two 
temperatures, and, in turn, is used to calcu- 
late the bulk modulii at various temperatures 
with a proper arbitrary parameter Bg. A 
comparison of the estimated and experimental 
values are given in Fig. 3. 

In all the cases examined, a good agreement 
is found between the calculated and experi- 
mental values; and, therefore, Wachtman’s 
equation, as modified by Anderson, can very 
well be used for estimating the bulk modulii 
even at temperatures at which the experi- 
ments have not been carried out. Generally, 
it is observed that the estimation is quite 
near to the experimental points v/hen the 
room temperature value of y and 5-2y 
are used. We thus confirm our earlier con- 
clusion[l] that the Wachtman’s equation can 
safely be used for calculating the temperature 
dependence of bulk modulus in oxide and 
nonoxide .'Olid.s. 
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Magnon-phonon interaction in the itinerant 
electron model of ferromagnetism 

IReceived 1 1 September 1969; 
in revised form 14 November \ 969) 

We WANT to present here a derivation of the 
bilinear magnon-phonon coupling using as a 
starting point the electron-phonon coupling 
and the itinerant electron model of ferro- 
magnetism. The consequences of this coupling 
are well known and have been discussed by 
Kittel[l) from a phenomenological point of 
view. 

The model Hamiltonian for a metallic ferro- 
magnet in the presence of a magnetic field H 
is [2] 





lUT 





(1) 

kk'q 



ek.T = ei|-o'/x// 

(2) 


where Ci, is the energy of the Bloch state |ka) 
and fi is the Bohr magneton. Cl, is the crea- 
tion operator of an electron in the state Ikrr). 
U is the Coulomb integral, rr = ( t - 1 )• 
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Following Rajagopal and Joshi[3] we take 
the electron-phonon interaction in the form 




ikt ' 


+ h.c. (3) 


The parameter (q) measures the strength 
of the coupling. /><(* is the destruction operator 
for a phonon of momentum q and polarization 
K. From this interaction Hamiltonian we con- 
sider only those terms which give direct 
magnon-phonon coupling, i.e. we shall keep 
as interaction Hamiltonian 


[^-^kq] (^k+ql ^kt^^kq 


and 


V r+ r r+ r 

M Zj *■ kfqj'-k~q'l'“k-q l'-k'l 
k'q' 

-\L V r c+ c c+ 

jV L '•kl'-k'+q't'-k't'-k+«-q't 


q' 

(6) 




'' kq* 

where 

H' — C' (' 

"kq klql kt ■ 

Furthermore, since we shall be interested 
only in the qualitative aspects of the interaction 
we shall drop in what follows the polarization 
index \. For an isotropic model, angular 
momentum conservation implies that only 
circularly polarized phonons would be coupled 
to the magnons. I he total Hamiltonian of the 
system is then; 

W = „uk-,.h (5) 

where 

f/pi, - 'Z 

I'il ^ (I u u 


within the RPA equation (6) becomes: 

'^kq “ (f-ktql ~ £^kf )R kq 

*^'k+qt ~”kt ^ S ^Cq 

k' 

+ ^‘"kt -«k4ql)^', (8) 

where 

*k.. " 

with 

k k 

Fourier transforming equations (7) and (8) 
and eliminating we obtain 


is the free phonon Hamiltonian. 

Following the equation of motion method 
|4| we try now to tind simultaneous cigen- 
frequencies within the random-phase approxi- 
mation (RPA) corresponding to the excitation 
created by h* (phonons) and 

/^q = S «k^kq (magnons) 

can be determined later, in solving for the 
eigenfrequencies. After a simple calculation 
we find; 


(£k+ql ^”klq| '’kt^ 

lx'(q)|- 


U- 


fi- 




(9) 


for the Fourier amplitudes 
Multiplying equation (9)bya .and summing 
over k we are led to a set of homogeneous 
equations involving the Bi^. The indepen- 
dence of the flk^q implies a new set of equations 
for the oi from which we obtain the following 
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eigenvalue equations[4J 
1 


N 


£ —F ^^k+ql 


u_kML 

^ ci-w‘y 


= 1. (10) 


Assuming a spherical Fermi surface for evalu- 
ating the sum in equation (10) we obtain to 
second order in q 



where A = (1— Um — ~ ('Ur ~'U j ) 

is the net moment, and is the Fermi 
energy for the up and down bands respec- 
tively. Taking now p.H <i Utn and using the 
magnon frequency 




L/n 


4 I 


.‘i Um^ 




the roots of equation (II) can be written as: 




<1 <1 


+ [g(q)|-m I''''. 

( 12 ) 


We see from (12) that the gap at resonance 
Aif = k'(q)|m''- 

is directly related to the electron-phonon 
coupling. 
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Field emission in high magnetic fields 

(Received 17 Seplember 1969) 

The BEHAVIOR of a field emission current in 
a magnetic field has been of interest for some 
timed, 2]. Blatt[3] was the first to theoretically 
investigate such behavior for a gas of free 
electrons at the absolute zero of temperature. 
His results showed that the current should 
exhibit oscillations which are periodic in H‘ '. 
Independently, and very shortly after Blatt's 
calculation, Gogadze, Itskovich, and Kulik[4J 
considered the more general case of an arbi- 
trary Fermi surface and non-zero tempera- 
ture, with the restriction that the electron 
orbits around the extremal areas are closed 
and non-self-intersecting. Both papers con- 
sider the case for which the Fermi energy is 
independent of magnetic field, and for which 
the Fermi energy oscillates with magnetic 
field. Gogadze el al.\4] estimated that observ- 
able oscillations in both cases are a possibility 
only when the current originates from small 
pockets of electrons with low effective masses. 
This was essentially the same conclusion 
reached by Blatt, Numerical estimates of the 
amplitude of the oscillations from both cal- 
culations indicate effects on the order of 2 
or 3 per cent at 1 tesla for an electron pocket 
with an effective mass of ~ 10 ” m„. At 3 
teslas the amplitudes should be nearly 10 per 
cent of the emission current in zero magnetic 
field. 

In addition to the oscillatory terms, Blatt(3] 
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predicted a monotonic dependence of emis- 
sion current on magnetic field. For the case 
of small pockets and low effective mass a 
quadratic decrease in current with magnetic 
field is expected. (Gogadze, et al. [2] did not 
discuss this part of the current.) 

As suggested by Blatt, bismuth should be 
a suitable substance to use to search for the 
effects described above. The carriers are 
located in small pockets and have low effec- 
tive masses. Several attempts have been made 
in this laboratory to observe this effect, not 
only in bismuth, but in zinc, tantalum, and 
tungsten as well. In no instance has any 
influence of magnetic field on the emission 
current been found. Current levels have 
ranged from I0“" to I0“"A, and magnetic 
field strengths up to 10 teslas have been used. 
It is particularly noteworthy that not even 
the monotonic decrease in current has been 
detected. In bismuth, for example, where 
the monotonic term should be quadratic, the 
current should have decreased by about 4 
per cent at I tesla (at which point the oscilla- 
tions should be on the order of 2 per cent) 
and by nearly 40 per cent at 3 teslas. (At 3 
teslas the oscillations should be about 10 
per cent of the zero field current level.) 

The emission currents that were obtained 
were sufficiently stable over long enough 
periods of time that effects as small as ±1 per 
cent should have been readily detected. Cath- 
odes of bismuth and zinc were prepared from 
pre-orientcd single crystals, and cathodes of 
tantalum and tungsten were prepared from 
high purity polycrystalline wire. The emission 
chamber could be evacuated to a pressure 
between 10“^ and 10”®torr by a conventional 
oil diffusion pump and cold trap assembly, 
and then submerged in liquid helium to be 
cryopumped to pressures estimated to be at 
least less than 10""torr. Field desorption 
techniques were employed to clean the emit- 
ting surfaces in high vacuum. Most of the 
experimental runs were made at temperatures 
near 1-2°K, which were obtained by pumping 
on the helium bath covering the vacuum 
chamber. The chamber itself was optically 


baffled from its pumping line to prevent back- 
streaming from the warmer parts of the system. 

The theoretical investigations mentioned 
above consider only the case of a longitudinal 
magnetic field, i.e. emission current parallel 
to the magnetic field direction. A calculation 
of the behavior of the current when the mag- 
netic field is perpendicular to the direction 
of current flow in the case of field emission 
has apparently not yet been made. Both orien- 
tations were tried in the course of these experi- 
ments, and the same null results were obtained 
in every case. Cathodes cut and etched from 
single crystals of bismuth and zinc were 
always mounted such that the trigonal axis of 
Bi and c axis of Zn were parallel to the mag- 
netic field for both the longitudinal and 
transverse field orientations. 

At the present time no definite explanation 
can be given for the failure of these experi- 
ments to substantiate the theory. It is felt that 
the experimental conditions sufficiently met 
the requirements of the calculations as pre- 
sented in [31 and [41. A closer look at the 
theories is perhaps justified. In particular, 
the fact that the emitting surface is not an 
infinite plane but is finite and three-dimensional 
ought to be investigated. The three-dimen- 
sional nature of the cathode implies that elec- 
trons with less then the maximum velocity 
parallel to the magnetic field will still have the 
same tunneling probability as those for which 
the velocity parallel to H is a maximum, 
provided they approach the metal surface 
perpendicularly. This in turn would cause the 
total current to be composed of electrons from 
many Landau levels, and could conceivably 
wash out any possible magnetic field effects. 

Lewis Resean h Center, D. J. hl.OOD 

Cteveiund, 

Ohio 44 IM. 

U.S./I. 
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The density of a-monoclinic selenium 

(Received \4 0cloher 19691 

The a-MONoCLiNic modification of selenium 
is composed of puckered rings of 8 atoms 
each, 4 rings to the unit cell. The crystallo- 
graphic parameters have been measured quite 
accurately [1]: 

a = ')Q5±0-01 A 
fe = 9'07±0-0l A 
c = 11-61 ±001 A 
/3 = 90“46'±5' 

where a, h, c are the lengths of the three axes 
of the unit cell and fi is the angle between the 
non-orthogonal axes. The volume of the unit 
cell is: 

t; = rtX/7X<-x,sin (90°46') 

= 9-529±0 029x 10 '''^cml (1) 

The weight of the atoms in the unit cell is 
32x78-96 a.m.u, (the atomic weight of 
selenium), which is 4- 1938 ± 0-0005 x 10'-*' 
g/unit cell. The density is simply given by 
this weight divided by the volume of the unit 
cell (equation! I )); 

p = h’/p = 4-401 ±0-016 g/cm-’. (2) 

The crystals used were grown from a solu- 
tion [2] of selenium dissolved in CS..,. Densi- 
ties were determined for amorphous and 
a-monoclinic selenium. Each density was 
determined by 4 weighings on an analytic 
chain balance, whose error was ±0-2 mg. 

The method used was that of displacement 
weighing. The weighing flask was suspended 
empty in air and weighed (m-i). Next, the flask 
was immersed in a liquid and weighed (m’,,,). 
Third, the flask was dried, filled with selenium. 


suspended in air and weighed (wj). Finally, 
the filled flask was immersed in the liquid 
(sec Fig. I ) and weighed (w^). 



H-| = 

>'■ 2 = ir„-p;.(7'i)p„ 

''■»+ rv) 

M-, = If, + H'.v,, - P;. ( Fa ) ( t)„ -f C. V ) 

H'„ and M-,s> are the weights of the glass weigh- 
ing flask and the selenium respectively. Sim- 
ilarly, v„ and Pvr arc 'he respective volumes. 
p,,(T,) -and piXT-z) are the densities of the 
liquid at the temperatures T, and T, respec- 
tively. Since the temperature was not main- 
tained constant, it was recorded at each 
weighing. p„ is the density of air. 

Defining: 

Pse = I’.S-f/l'.Sr (4) 

and solving (3), we have: 


_ (h’3- W|) 

(H;,- M-J/{p,,(7-2) -pj - ( W, - M-2 )/(p, ( F.) -p„) 


p„ 


(V 
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The error in ignoring p„ is Jess than JO ■J 
yielding: 

( H';| - M’l ) 

" ( H-, - (T,)-{w- w,)ip,, ( tJ ■ 

(6) 

The small glass weighing flasks were blown 
from 2 mm i.d, pyrex glass tubing. For small 
quantities of material, strong flasks were 
made weighing less than 0-3 g which held over 
I g of material. They were suspended from the 
balance by a human hair, which was thin 
enough to displace very little liquid, and 
weighed about I mg. Carbon tetrachloride 
(CCb) was chosen as the liquid for several 
reasons. First, selenium is insoluble[3| in it. 
Second, its viscosity is low and it wets glass 


/{, {rj = 1S940 - 0-00192 X (r-20-0) 

7-^25 (7) 

where T is the liquid temperature in degrees 
Centigrade and p,, is the density of the CCI^. 

Errors in measurement were as follows. The 
four weights were correct to within 0-2 mg, 
out of about 300, 100, 1100 and 600 mg for 
M’l. h’ 2 , h ',1 and H'4 respectively. The tempera- 
ture was known to within 0- IT. The error due 
to thermal expansion of the glass flasks was 
less than I0~‘' for maximum temperature 
fluctuations observed. Thus, the estimated 
overall experimental error was approximately 
0-3 percent. 

Density measurements were made on amor- 
phous and «-monoclinic selenium. The results 
are given in Table 1 . The results show that the 


TdhU- I. Calculated and experimental densities of amorphous 
and a-monociiniv selenium 


Density 

(g/cm'l 

( lyslal 

iTKKiitieiilKin t-xpcrimcnial Ciilculiiled l.ilciiiliirel.^] 


amorphous 4 265±(V()I4 — 4-26 

a-nu.iu.diniL 4Wi0-0I.S 4-40l±00l6 4-50 


and selenium, virtiiiilly eliminating trapped air 
bubbles. Third. CCl, is relatively dense, mak- 
ing (ii'|- It'll significant in equation (6). 
Fourth, it is readily available in high purity. 
Fifth, its density us a function of temperature 
is accurately known. Its disadvantage is its 
high rate of evaporation at room temperature, 
creating thermal gradients in the bath. To 
combat this, the CCf surface was covered by 
a thin layer of ethylene glycol, which has a 
very low vapor pressure. It is less dense than 
CCI4 and the two liquids are immiscible. Thus, 
the ethylene glycol will prevent evaporative 
cooling, stabilizing the temperature of the 
bath (see Fig. 1). 

The density of the CC^ as a function of 
temperature was taken from Ref. [4]. A linear 
fit was made: 


method gives the accepted experimental value 
for the density of amorphous selenium, and 
the new experimental density for «-monoclinic 
selenium agrees well wilhin experimental 
error with the density calculated from X-ray 
data. 

I he published density values[6 -ll] range 
from 4-44 to 4-.S1 g/cm'‘. These are unreason- 
ably high, compared with the calculated value 
of 4-40 g/cm^ The o-monoclinic form of selen- 
ium is metastable, however, and converts 
irreversibly to the higher density trigonal 
form (p — 4-Kg/cm^). The conversion will 
take place at room temperature over a period 
of afew years[12J, Floating will accelerate the 
process [13], It seems likely that the previous 
density measurements were made on partially 
converted material. 
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ELECTROMAGNETIC GENERATION OF 
ULTRASONIC WAVES IN METALS 

E. ROl.AND DOBBS 

Department of Physics, Lfniversily of Lancaster, l.ancaster, England 


(Received 2^ Odoher 1969) 

Abstract-Thc discovery, early development and theory of the electromagnetic generation of pure 
shear and quasicompressional ultrasonic waves in metals is reviewed. It is shown that the four equa- 
tions of Quinn lead to a satisfactory explanation of the periodic ionic displacements excited electro- 
magnetically in metals in the presence of a static magnetic field over a wide range of temperature, 
frequency and magnetic field. Recent measurements of resonant effects found in directly generated 
shear waves in bismuth at helium temperatures are described t he giant quantum oscillations in the 
generated signal have much larger amplitudes than those previously observed in the ultrasonic 
attenuation, but similar periods. A low field resonance occurs in the generated signal at 10-50 MHz 
and 30-70 G, where the magnetic field has a negligible effect on the attenuation Applications of the 
method to the generation of millimetre wave ultrasonics, to the non-dcsiriiclive testing of metals and 
to the study of the solid state are briefly considered. 


1. INTRODUCTION 

The genera i ion of ultrasonic waves directly 
from electromagnetic currents, without using 
a piezoelectric or magnetosrictive transducer, 
was discovered accidentally in Denmark by 
Saermark and l.arsen[ll early in 1967. They 
were propagating helicons in an aluminum 
crystal at helium temperatures by placing a 
small coil on each side of an aluminum disk 
(the size of a dime), exciting one coil at 1-2 
MHz and observing the signal received in the 
second coil as the magnetic field produced by 
a superconducting solenoid around the sy.stem 
was increased from 10-40 kG. To their 
surprise, sets of acoustic standing waves were 
generated corresponding to the diameter and 
thickness of the disk. As these were size- 
controlled, they were sharp resonances and 
the acoustic resonator had a Q larger than 1 0^ 
so that a highly stable frequency source was 
necessary for the observations. The re- 
sonances were superimposed on helicon 
waves and were shown to be helicon- 
acoustic modes. 

The conditions for the production of these 
shear waves seemed very restrictive: helium 
temperatures, static magnetic field vector 
Bo parallel to the ultrasonic wave vector q 


and magnetic field large enough to make 
(o,.T ^ I, where w,. = e Bjinc is the cyclotron 
frequency of the electrons of mass m. charge 
-e and relaxation time t. Thus acoustic 
shear waves would only be generated under 
conditions for the propagation of helicon 
waves. 

In the spring of 1967 Houck, Bohm, 
Maxfield and Wilkins [2] at Cornell University 
made a ‘transducer' from the new effect 
by bonding a metal disk of aluminum to one 
end of a delay rod of quartz and detecting the 
shear waves with an AC-cut quartz at the 
other end. They showed that the 'transducer' 
would work in a non-resonant mode through 
r.f. generation at the surface of the aluminum 
disk over a wide range of magnetic fields, 
l uriher, they proved that the interaction 
producing the shear waves operated at 
magnetic fields well away from the 'cross- 
over' point where the phase velocities of the 
helicon modes and the shear vibrations 
coincide. 

Then 1 am glad to say Professor Bohm 
spent the Summer with us at Lancaster and 
with him, Betjemann, Meredith and 1[31 
showed that the restrictive conditions for the 
production of ultrasonic waves electromagne- 
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tically did not apply at all. The method worked 
with ‘low’ magnetic fields when oi^r < I, 
it worked when the static field B„ was normal 
to q and it even worked at room temperature 
in a copper rod from the machine shop! What 
was perhaps more surprising was that it 
worked just as well at 10 MHz in an alumi- 
num rod at room temperature as it did in an 
aluminum single crystal at helium tempera- 
tures. Evidently it was a classical effect and 
we concluded that the Lorentz force on the 
electronic current in the skin depth was 
responsible for the generation, 

Before describing our experiments I must 
mention the interesting result of Abeles[4J, 
who showed that at 9 3CiHz electromagnetic 
generation and detection of shear waves was 
possible in the ahsence of a .static magnetic 
field in a very clean, thin film of indium, 
evaporated on to an optically polished surftice 
of a crystal rod of pure germanium, and placed 
in a microwave cavity at helium temperatures. 
The minimum conditions for electromagnetic 
generation of ultrasonic waves in metals are 
evidently either helium temperatures and no 
magnetic field <ir ti steady magnetic field (of 
a few kilogauss in practice) at iiny Icmpera- 
iLirc 

1 . LXI’KKIMt.NrAl, 

The experimental arrangement we have 
used lor making measurements on the 
electroniiignetic generation of shear waves 
IS shown in outline in big. 1. conventional 
pulsed ultrasonic system openiling at 10 or 
1.5 MHz drives a small, ftatlened coil placed 
close to the plane face of a cylindrical metal 
sample, so than an r.f, magnetic field is genera- 
ted at the surface of the metal. When a static, 
solenoidal field B,, of a few kilogauss was 
applied to the sample from an external magnet, 
a shear wave was excited at the metal surface 
within the electromagnetic skin depth. The 
sample geometry ensures that at megahertz 
frequencies, where the acoustic wavelength 
is much less than the diameter of the rod. 
a plane wave propagates normal to the flat 



Hg. 1. Experimental arrangement for observing the 
direct generation of ultrasonic shear waves at the surface 
of a cylindneal metal rod in a solenoidal field B,,. 

face along the cylindrical axis Oz- The 
delayed output from a suitable quartz trans- 
ducer bonded to the other flat face was then 
amplified and displayed. The sensitivity 
of this coil-resonant transducer system was 
such that in a field of 10 kG the signal to noise 
ratio was about 50:1 for room temperature 
measurements in a tin crystal. This was 
substantially greater than using a coil-coil 
system and so was preferred for the early 
experiments. 

The polarization of the generated sound 
wave was found to depend on the relative 
orientation of the propagation direction q 
and the static field B,,. In big. 2(a) wiih the 
helicon geometry the ionic motion was 
(j. and so a shear wave was propagated and 
detected by a suitably oriented AC-cut 
quartz. No compressional wave was detected 
when the AC-cut quartz was replaced by an 
A'-cui. However, when the system was 
placed in an electromagnet with B,, normal 
to q and parallel to the applied r.f, field B, as 
shown in big. 2(b), a compressional wave 
was detected with the A'-cui quartz. With 
this geometry, shear waves were also genera- 
ted when the AC-cut quartz was oriented to 
detect f,,- 

To verify that the shear waves have a 
preferred polarization direction in the helicon 
geometry, we studied the signal amplitude as 
the coil was rotated -this was easy at room 
temperature -about Oz. Using a long tin 
.sample, maximum amplitude was recorded 
when the coil was parallel to Ox and zero 
amplitude when it was perpendicular to Ox, 
as expected. The elfcct on the amplitude 
A,, of the compressional signal of rotating B 
in the plane of the surface of the sample, 
with Bo fixed along Ox, is shown in big. 3. 
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I ig 2 Sample, toil and magnclit Held oiicnlalions Ibi generating and deleeling 
ultiasonie waves. (Upper) Shear waves. (Lowei ) qiiasi-eompiessional waves 



Eig. 3. Cosine variation of signal amplitude A, as B is 
rotated about Oz with B,, fixed. Maximum signal lor 
B parallel to H,,. 


When B is parallel to Ox, and are 
coupled to each other via the l.orentz force 
on the ions 


where Ze is the ionic charge and ^ the ionic 
displacement vector, producing both com- 
pressional and shear waves, as shown by 
Meredith, Watts-Tobin and Dobbs[5]. When 


B is parallel to Oy, f.- and are coupled via 
the Lorentz force, but as neither is coupled to 
B, no sound waves are generated with this 
geometry. For intermediate orientations, the 
signal amplitude A,, is seen to fit closely the 
expected cosine variation. 

Houck el til.[2] showed that the amplitude 
of the generated shear wave was proportional 
to B,| up to .'iOkO at helium temperatures. We 
extended their measurements to llOkG and 
to 77K (I ig. 4) in niobium. The generation 
appeared to be saturating at high fields 
at 77 K, but the magnetic attenuation was not 
negligible at these high fields. By observing 
successive echos, a correction was made for 
the absorption in the sample, and the genera- 
ted signal was then found to be linear in B,,. 
The increase in signal strength is striking: 
at 100 kG the signal-noise ratio was about 
500! The absorption in the magnetic field 
was measured directly ( Fig. 5) and found to be 
proportional to B,,’. in agreement with that 
calculated by Alpherand Rubin [6]. 

Thomas, Turner and Bohm|7] have 
observed the electromagnetic generation of 
shear waves in the presence of a magnetic 
field up to 500 MHz and it is reasonable to 
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Magnetic Retd Bo(kG) 

I ij; 4 Signiil iimplitudc in Nh ( 1 1 1 1 77 k, including 
coircclKin for alisorpliiin. 



20 10 eo 80 too 

Megnstic Field 9o tti^l 


f ig 5 ( li.ingc in idiilivi; allcnuiiliun of ^hc;^l wilvc^ m 
Nhll I Dal 77 k as a fimclion of magnetic field B,, 

expect that compressional waves could 
similarly be generated by ultra high frequen- 
cies. Thomas ei ul. also used two identical 
pairs of Helmholtz coils, arranged to have 
their axes mutually orthogonal and lying in the 
plane of the surface, to produce both left-hand 
and right-hand, circularly polarized, 10 MHz 
waves at 4-2 and 77 K in an aluminum rod. 
Such circular modes cannot easily be genera- 
ted with quartz transducers, although 
Einspruch[8| has proposed a generator based 
on a quarter-wave plate. 


Meredith et a/. [5] found that the generated 
signal (but not, of course, the attenuation) 
was inversely proportional to the bulk density 
d of the sample. After correcting for different 
transducer efficiencies, the efficiency of 
generation in aluminum was shown to be 
three times greater than in tin, as would be 
expected from the relative density of the two 
metals. Ciaerttner, Wallace and Maxfield 
[9] have confirmed this density dependence 
(the factor is actually ds,, where s, is the 
velocity of sound) for metals with densities as 
low as 1-74 (Mg) and as high as 19-3 (W). 
They have also shown that the efficiency of 
generation at room temperature falls off at 
frequencies above 1 0 M Hz. when the acoustic 
wavelength A is no longer large compared 
with the skin depth 6. that is. when 1, 
where (B = 2p’^(fi/\)^. 


i. THKORtnt’AI. 

At the same time as we(3| published our 
preliminary results, Quinn(l()1 published, as 
he put ft. the ‘four equations which describe 
completely the physics of the problem in 
the general case". The problem is to find wave 
solutions of the ionic displacements ^ given 
by 

^ = f„exp/(o;/--q. r). 

following Mattis and Dressclhausll 1) the 
metal sample is considered to occupy the 
half-space c > 0, and to conserve electrons 
we suppose that its mirror image occupies 
the half-space z < 0. This is equivalent to 
assuming that the conduction electrons are 
reflected specularly at the surface, which is 
simple, and satisfactory when the electronic 
mean free path is much less than the acoustic 
wavelength. It can then be shown[5,ll] 
that the total electric current J is the sum of 
the ionic current the electronic current 
j,. and the fictitious surface current j,,, so that 


( 1 ) 
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where there are n„ conduction electrons per 
unit volume. 

Maxwell’s equations[IO, 12] may be 
written in the form 

J(q,w) = r. E(q,cu) (2) 

where the electric conductivity tensor 1' 
is given by 


where C/ and C, are elastic moduli for 
compressional and shear waves associated 
with the short range forces between ions and 
the last two terms are the collision drag force. 

The wave solution ^{q) in the bulk metal 
required is found for each geometry by 
eliminating J. E and jp between the four 
equations. The simplest solution, for the 
helicon geometry, was given by Quinn 


1 = 


/('V 

47rw 



1 




_ Zew (1 —crji^) . 
M(t„ f{q.o) 


AqlR^- 


J_ 

o‘± 


(5) 


For either of the geometries in Fig. 2 this 
reduces [5] to a simple function of^o,,, where 
]3 is the skin depth parameter already defined 
and (r,i is the static conductivity, equal to 
n„ehlm in the relaxation-time approximation. 

The electronic transport equation of Cohen, 
Flarrison and Flarrison] 1.^] may be written 
in the form f 10] 

jp(q,(()) = o-(q,ca) . [E(q,<o)"(/m(ij/«-)|^(q)l 
-Fn„eD,q(q.^) ,3) 

where q = (0,0,fl) in the simple cases, 
flr(q,w) is the electronic magneto-conductivity 
ten.sor. D= (2e/i/3e^no) ( I +fwr)~', a is the 
diffusion tensor, and e, is the Fermi energy. 
As Quinn [10] has pointed out the electronic 
current is composed of three terms; the 
conduction current, the collison drag current 
and the diffusion current. In the helicon geo- 
metry the diffusion current vanishes and 
equation ( 3) becomes simply 

j, Aq) = (Tjq,a)) lEJ(/)-{im(i)leT)^ Jq)] 


where 

f{q.oi) ~ j’lV — — iaRtfiai) 

-F 1 - (j3)( 1 - ajij (6) 

is familiar from helicon-phonon interaction 
studies. Thus Quinn showed that these four 
equations led to the generation of ultrasonic 
waves through the helicon-phonon interaction 
in the skin depth of the metal. 

At Lancaster we [5] applied the Quinn 
equations to our results on aluminum and 
found, at low frequencies where ql^t l(/ = 
electronic mean free path) and wt <? 1. the 
ionic displacement amplitudes associated with 
both the phononlike and the plasmonlike 
excitations of the uncoupled system, that is, 
well away from the helicon-phonon cross- 
over. We were able to show that the same 
equations gave the correct attenuation at 
high and low temperatures, as well as the 
correct generation over a wide range of tOpT. 
In particular for shear waves generated as in 
Fig. 2(a) at high temperatures 


where the transverse components are given 
by £ , = E. ± iE,„ etc. 

The fourth and final equation given by 
Quinn is the equation of motion of the ions 

/V/^= Cl graddiv^ — C, curl curl^-FZcE 


I Zed( 
cdt 


X 




8t 


(4) 


' 47r£/s,w[l -((fW47ri-,“o'o)] (7) 

where 

„ _ 

^ ~ 87r.y,=fl,.V„[l +{c-^wl47rs;^(ToYY (8) 

ftp is the ionic cyclotron frequency = ZeBj 
Me for ions of mass M and charge Ze and 
ftp is the ionic plasma frequency given by 
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= 4TTn,^e'^lM. The amplitude of the 
generated signal is seen in (7) to be propor- 
tional to B„ and inversely proportional to 
dsf. as found experimentally. The attenuation 
is shown in (8) to increase as and this 
expression was used to obtain the theoretical 
line in Fig. where it agrees with the data on 
niobium at 77 K. 

At helium temperatures the conductivity 
(T,t is high and the magnetic attenuation is 
negligible (when c// < 1 ), so that the generated 
signal is approximately 


Hxperimentally this has been verified in tin 
and niobiuml'ij crystals in fields up to 1 10 
kCi and in gold and aluminum (7 1 crystals up 
to I.SOkCi. 

An analysis of the generation in the absence 
of a magnetic field observed by Abclcs[4| 
has been given by Southgate (14]. Fie shows 
that in the case of a very clean, thin film the 
diffuse reflection of the electrons at its 
surfaces can produce the generation observed 
in the high frequency, anomalous limit. But 
it falls off as r///(d= thickness), so that 
thick samples are not satisfactory. In fact at 
very high frequencies (above 4()GFI/) a 
multilayer film, of alternate layers of long and 
short mean free path, is calculated to be the 
most efficient. A recent paper by Aligll5| 
confirms Southgate’s result that all the 
generation takes place within the skin depth 
and shows, for shear waves, that in the 
presence of a magnetic field B„ the power 
generated is proportional to BJ. 

4. BI.SMDTH 

As well as classical effects, it is of interest 
to study quantum effects in metals through 
measurements of directly generated acoustic 
waves. In the helicon geometry, giant quantum 
oscillations [ 1 6| are known to be observed in a 
few metals having reasonable values of their 
fundamental period 


» / 1 \ 

^ ' 5 ' = ’ 

\Bi,/ mciyC 


(9) 


where is the cyclotron mass associated 
with the electron orbits about B„. For bismuth 
with B„ along the binary axis the fundamental 
is about 1*5 kG ' so that the giant oscillations 
in the acoustic attenuation are readily 
observed [17-20], Thomas, Hsu and I [21] 
have recently seen for the first time similar 
giant quantum oscillations in directly genera- 
ted shear waves in bismuth at helium tem- 
peratures and at 10 MHz, using a super- 
conducting solenoid. 

In the presence of a magnetic field the 
energy stales of the conduction electrons are 
given by 


€ = («+ j) ’ Wr+ ±\y ’o),- (10) 

where n is an integer numbering the Landau 
level, k: is the component of electron wave 
vector in the direction of B„, w* is the 
effective mass, and g* is the 

effective g-factor for the /.eeman splitting of 
the spin states. Under certain assumptions, 
Cohen and Blount [22] have shown that 
jyj = 1. Toxen and Tansal[17] have shown 
that the giant oscillations are a consequence 
of the stringent selection rules that must be 
satisfied when an acoustic phonon is adsorbed 
by a conduction electron. In particular the 
only electrons that can absorb a phonon 
without changing Landau levels (A« = 0), 
while conserving energy and momentum, are 
those electrons drifting in phase with the 
phonon. The electrons that are available to 
make such transitions are, of course, limited 
to those near the Fermi level Cf , which at a 
finite temperature is broadened by about kT. 

In Fig. 6 we show the energy levels given 
by (10), neglecting the parabolic term in 
Aj, which is very small compared with 
for those electrons that interact. When the 
magnetic field is large (fiw,. > kT) the Landau 
levels are sharp and widely spaced. The 
ultrasonic attenuation only exhibits the 
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Lig. 6, The energy of the electrons increases continuously 
with magnetic field, but the ultrasonic attenuation only 
exhibits giant quantum oscillations when a I andau level 
coincides with the Lcrnii level At high fields and at 
helium lemperatures the spin-splilling of the Landau 
levels in bismuth is greater than their thermal broadening 
and a double oscillation is observed 

oscillations (shown along the abscissa) when 
Bit is such that a 1 andau level is intersecting 
the I crmi level. For a wide range of field 
(e.g. 8-12 kG) the attenuation is independent 
of B,„ since there are no conduction electrons 
available to absorb the sound! At sufficiently 


high fields, the oscillations show the spin- 
splitting of the Landau levels and the y values 
can be measured [1 8], 

We have observed (Fig. 7) the giant 
quantum oscillations in both the attenuation 
(upper trace), plotted as change in pulse- 
height of the signal, and in the generated 
signals (lower trace). It is interesting to note 
that (he peaks do not occur at exactly the 
same fields in each case, but the measured 
periods (Fig. 8) for both fast and slow shear 
oscillations are seen to have the same period 
as those from the attenuation minima. 
However, the generated signals were an 
order of muffnitude larger than the attenuation 
changes, as can be seen in Fig. 9 for the giant 
oscillation corresponding to the highest field 
landau level. Here the generated. signal is 
corrected for the small absorption (maximum 
of 4dB) in the transit of the sample to the 
receiver (Fig. I). For this sample at 10 
MHz and 1-3 K, qi/ ~ 10, cu,.t > 10 and - 
0-3. Although we could see the giant oscilla- 
tions in the attenuation quite easily at .SO 
MHz, we were unable to observe the genera- 
ted signals at higher frequencies, perhaps 
because the etched surface of our sample was 
not sufficiently clean and fiat. 

In looking at the generation at lower magne- 
tic fields using a copper solenoid, we found a 



Fig 7, 1 he upper trace shows the giant quantum oscillations 
in the ab.sorption of sound in a bismuth crystal and the lower 
truce the corresponding oscillation in the electromagnetically 
generated signals. lArbilrary amplitudes, not to same 
vertical scale for each trace). 
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Lig. d. Giant quantum oscillation of the directly geneniled, 
10 MHz acoustic shear waves in bismuth at 1-3 K -signal 
observed at detector, (}-0 signal corrected for field- 
dependent attenuation in the sample 


surprising result, which we have not yet 
fully understood. At a particular low field - 
less than 1 00 G — there is a resonance giving 
an enormous signal. In Fig. 10(a) at 30 G the 
slow shear resonance is at its peak (marked), 
in (b) at 10 G it has nearly disappeared. The 
fast shear resonance is at a higher field, so 
that the fast shear signals are seen below their 



(a) 



I ig. It). Ultrasonic signals seen in bismuth at helium 
temperatures with low magnetic fields, using the experi- 
mental ariangcment of I ig. I. (a) At 30 G the large slow 
shear resonance mai ked at T produces its own reflection 
at 37 Also present are ihc fast shear signal at / and its 
two reflections at 3t and .‘ir, off resonance, and a piezo- 
electric signal al 21 from the quartz transducer, (b) 
At 10 G the slow shear signal is off resonance, the fast 
shear signals have disappeared, but the piezoelectric 
signal Imarked) is unchanged, since there is a negligible 
change m the attenuation with magnetic field, 

resonant amplitude in (a) and have dis- 
appeared in (b). The signal that does not 
change with marked in (b), is generated by 
electromagnetic coupling to the quartz detec- 
tor (seen also as a saturating pulse at / = 0) 
and is unchanged in amplitude because the 
magnetic atlcniiation is negligible, although 
the fteneration is strongly field dependent. 

The resonances for slow shear generation 
at 4'2 K ( Fig. 1 1) and for slow and fast shear 
generation at !•? K (Fig. 12) are seen to begin 
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Fig 1 1. Amplitudes of the directly generated slow shear 
signals in bismuth at 4 2 K O, lO ^MHz; B,„„ = 30G. 
A. 31 ■» MHz; = 47 G; 1. 49-3 MHz; B,„,„ - 71 (i 


Bismuth 11-4 MHz, 15 K 



Fig. 12 Amplitudes of the directly generated shear 
signals in bismuth at 1 1-4 MHz and I ^K. ('), Slow shear; 
= 30G; #, Fast shear; B,,,,,, - 5| (i. 


at very low fields and to disappear at a few 
hundred gauss, before the first of the quantum 
oscillations (Fig. 7) begins to appear. A 
comparison of Figs. 9, 1 1 and 12 shows that 
the low field resonance had a similar amplitude 
to the largest quantum oscillation at 10 MHz. 
The resonance peak/?,„,,x moves to higher 
fields (Fig. 1 1) as the frequency tu is increased 
with Bmux ~ and also as the velocity is 
increased (Fig. 12) with ~ Sc It dis- 
appears on warming to 77 K. It is clear that 
the resonance is associated with electronic 
currents within the skin depth of the crystal, 
but its appearance cannot be explained by 


the simple theory [5] of plane shear waves in 
an isotropic metal. A different solution of the 
Quinn equations is probably required. 

It is evident from these preliminary results 
that the study of the electromagnetic genera- 
tion of acoustic phonons in metals and semi- 
metals at helium temperatures provides an 
important new method of investigation of the 
electronic properties of solids, which should 
show any variation in these properties 
between the bulk metal and its surface. 

.5. APPLICATIONS 

Besides its wide application in solid state 
physics, the technique of electromagnetic 
generation can be applied to the non-destruc- 
tive testing of metals and to the generation 
of microsound at millimetre wave frequencies. 
At frequencies of 1-10 MHz transducers of 
quartz or barium titanate are commonly used 
and these have to be bonded to the sample 
under test with a suitable liquid, grease or 
epoxy resin. For measurements at very high 
or very low temperatures bonding can be a 
problem, while the ‘ringing in’ of transducers 
can easily damage very pure crystals, so that 
the ‘bondless' transducer of Fig. 1 is attractive, 
Here the r.f. coil is quite small and need not 
touch the sample, although it must be quite 
close to the sample. The acoustic signal 
strength generated by the coil in the presence 
of the magnetic field B,, depends also on the 
strength of r.f. field B (equation (.f7)). For 
convenience a small flat coil has been used 
in many experiments and the r.f field B 
is then only the fringing field. The effect of 
moving such a coil away from the surface of 
the sample is shown in Fig. I.T where the 
fringing field is seen to fail off exponentially 
with distance and so give on this logarithmic 
plot an ‘apparent attenuation’ of 180dB 
cm '. Clearly the coil should be within 0-2 
mm or 0 (X)8in. of the aluminum surface if 
less than 3 dB of generated signal is to be lost. 

A more efficient coil system has recently 
been devised by Legg and Meredith[23] 
for non-destructive testing. It consists of 
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Hg n Lhi; loss in iimpliluiie of iho directly gencriilcd 
shcai signal in an aluminum crystal ,il 1(H) K. as the 
generating coil was displaced up to I mm from the 
iiliimimim surface 'I he 'apparent alteiiuaiion' of 18 dB 
mm ' IS due lo the exponential decrease of the induced 
r,f field B. 


two concentric, plane coils wound as a flat 
spiral, (Hg. 14), the outer acting as the 
transmitting and the inner as the receiving 
coil. A permanent magnet NS producing 
about 4 kti surrounds the coils and provides 
a field B|i parallel to part of the radial r.f. 
field U, thus generating quasicompressional 
waves in accordance with Fig. 2(b). Wallace. 
Houck. Bowers, Maxfield and Gaerttner 
(24| have demonstrated the drastic change of 
echo pattern that occurs when directly 
generated shear waves are scattered by a 
1 mm hole oriented along q. I, egg and 
Meredith have shown that they can detect 
an artificial flaw in a standard test block 
(Fig. 14) with directly generated compres- 
sional waves. The resultant echo pattern (Fig. 
I.S) shows both the reduced amplitude (high 
apparent attenuation) of the signals from the 
back of the block and small signals from the 
flat end of the ‘flaw’. However, the sensitivity 
of detection (at 5 kG) is substantially less 
than with conventional techniques and the 
detection of flaws near the surface, which is 
easy in the usual water bath technique, can 



1 ig 14. Tlic cxperimenuil urrangement for tlelecling an 
urlificial flaw in a mclal test block.. A permanent magnet 
NS encloses the concentric pair of .spirally wound 
'pancake' eoils. which generate and detect the compres- 
sional waves without touching the test block 



fig. I.S Small leflections from Ihe artificial flaw and large 
reflections from the end faces of the test block, using the 
arrangement of fig. 14. 


only be done by generation from each end of 
Ihe sample. It is therefore probable that 
electromagnetic generation techniques will 
be limited to special cases such as high speed, 
automatic testing of strip or sheet and 
measurements at extreme temperatures, 
where bonding is a problem. 

Abeles[4] has pioneered the generation of 
microwave acoustics in the absence of a static 
field in very clean, thin films. Southgate [14] 



El F.CTROMAGNETIC GENERATION OF ULTRASONIC WAVES IN METALS 


1667 


has shown that for frequencies above 40 
GHz this technique, or a modification of it 
using multilayer transducers, may be the most 
efficient way of producing sound from 
millimetre wavelength electromagnetic waves. 
Perhaps this technique will be used to 
generate phonons at thermal frequencies. 

In conclusion I would like to emphasize 
that most of the effects that have been 
studied in the past by measuring small changes 
in ultrasonic attenuation could well be 
dramatically enhanced in the electromagne- 
tically generated signals, as we have found in 
the giant quantum oscillations in bismuth. 
Although a static magnetic field is required 
at room temperature, several authors[4, 
2.*', 26] have shown that this is not necessary 
at helium temperatures in pure metals. There 
are thus many interesting possibilities for 
further studies on solids. 
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APPLICATION OF TRANSLATIONALLY INVARIANT 
WAVEFUNCTIONS IN A MAGNETIC FIELD TO 
FREQUENCY AND WAVELENGTH DEPENDENT 
TRANSPORT PHENOMENA=* 

H. L. GRUBINt and T. KJELDAAS. JR. 

Polytechnic Institute of Brooklyn, Brcwklyn.N.Y. 1 1201 , U.S A. 

(Received 5 September |969| 

Abstract- Density matrix techniques are used to analyse magneto transport eliects in solids. The 
representation used consists of wave functions that are simultaneous eigenfunctions of the magnetic 
Bloch Hamiltonian and the magnetic translation operators. This procedure yields results for both 
ordinary magnetic field dependent transport phenomena in general band siruclures and those due to 
magnetic breakdown. The conductivity tensor governing ultrasonic Doppler-shifted cyclotron 
resonance is analy/ed. i.e. the wave vcctorq is parallel to the magnetic held B, the latter being parallel 
to the .vaxis. Using a simplified periodic potential model in which t'l.i. y, .•) = l'(.r, vl-h Vii). the 
coniribiitioiis to irlq. m. B) aic scpaiated into a part expressing magnetic breakdown elTects and a part 
that Is largely semiclassical in composition Of significance here is the explicil dependence of some 
of the terms on magnetic quasi-particle parameters such as the magnetic field dependent ellective 
mass Mj 

I he magnetic quasi-particle contribution lo irlq. os B) is analyzed in a regime where the electron 
mean Iree path A satisfies the condition qA s- I It is found that incremcnis appear in the conductivity 
lhal aic periodic in I//) These inciemenis lead lo spikes iii ihe allenualion ol ultrasound tind helicons 
outside Ihe ahsoi ption edge. 


We report on a theoretical investigation of 
wave-propagation in solids in a uniform 
magnetic field B. The theory is formulated 
independently of the usual semiclassical 
approximations so as to include the etfect of 
periodic potential broadening of the cyiotron 
energy levels[l|. In the past(2,3| we have 
included studies of various relevant transport 
coefficients. In the present report we limit 
ourselves lo a description of the resiilus for 
shear wave propagation parallel to the magne- 
tic field, thus describing one of the magneto- 
acoustic effects a.s well as helicon propagation. 
A main result is the appearance of peaks in 
the attenuation coefficient outside the absorp- 
tion edge [4], The width of the peaks is 
related to the broadening of the energy levels 
induced by the periodic potential. 

’Work supported by U.S. AirEorcc Otticc of Scientific 
Re.search. 

^Present address. United Aircraft Research Labora- 
tories, East Hartford. Conn. 06118, U.S. A. 


Density matrix techniques, patterned after 
the work of Tosima. Quinn and Lampertl-S], 
are used to discuss magneto-transport effects 
by Bloch electrons. The formulation is suffi- 
ciently general to yield results for both 
ordinary magnetic field dependent transport 
coefficients in general band structures and 
those due to magnetic breakdown. Although 
we include the crystalline potential, the 
results are formally similar (o the free elec- 
tron calculation of Ref. j. 

The representation for our purposes are 
translationally invariant wave functions 
(r) that are simultaneously eigenfunctions 
of the Bloch Hamiltonian 


and the commuting subset of operators. 

t(R)= exp; . R/fi (2) 
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for a particle of charge e, mass m . A,, = iB X r 
and f'(r) = |/(r + R). R is a crystal lattice 
vector. The functions are closely related 
to those discussed earlier[6| but are in a 
convenient form for the present study. A 
summary of their properties is contained in an 
Appendix. 

We consider a collection of A/,, independent 
electrons in the periodicity domain V subject 
to the Hamiltonian 


^ II t ^ 1 'h . 


0) 


where 




-e 
2 in ( 



. A|(r./)-t A,(r,t) 



i Ci^i(rj). 


(4) 


is the conductivity coefficient of a particle of 
mass Mjj. in an r.f electric field. is zero 
in the zero periodic potential limit. For a 
finite potential exhibits structure as a 
function of magnetic field when a broadened 
level crosses the Fermi surface [2]. In equation 
(5) the band index n is associated with motion 
in the .r-y plane, the index j with motion along 
the z-axis. (See notational discussion in the 
Appendix). 

For finite q. the situation important to 
magneto-acoustics, the transverse current 
density is separated into two parts: one with 
and one without frequency dependent coeffi- 
cients. The frequency independent part is 
identified as a magnetization current [7|. The 
frequency dependent part is 


A|(r,t) and are the vector and scalar 

potentials of the space and time dependent 
perturbation. H, denotes the electron inter- 
action with thermal phonons, impurity 
scattering centers, etc. 

We treai the electron response using a 
density matrix formtdism and take H, as 
having the effect of relaxing the density 
matrix to its thermal equilibrium value. We 
assume a constant relaxation time r. Using a 
simplified periodic potential model with 
I'tx.y.:.) ~ l'(,v,y)4 f'(:) we calculate the 
f-ourier transform of the transverse current 
density per electron. We consider the orienta- 
tion where the wave vector q is parallel to the 
magnetic field B, the latter parallel to the 
z-axis. 

In the limit of zero q, and for a spatially 
uniform field Tj., the transverse conductivity 
coefficients are separated into a part due to the 
effects of broadened bands and a part largely 
seniiclassical in composition. For the broad- 
ened band contributions = 0 and 
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I’ denotes the magnetic quantum numbers and 
pi is the Fermi- Dirac distribution function 
for particles with energy e,,. 

}(q.w) is examined for the case when the 
electrons are free along the z-axis. The impor- 
tant band index is now associated with motion 
in the x-\ plane, perpendicular to B. Separat- 
ing l(q.w) into a part that is diagonal in the 
band indices n, and an off diagonal part and 
evaluating for a potential possessing four-fold 
symmetry in the x-y plane we obtain 



APPLICATION OF I RANSLATIONALLY INVARIANT WAV FFUN( TIONS 


j-(q,w)=~G~E~+(T'^ E* 
mV 


( 8 ) 


where E- = Ej.±iEu, p = (7* con- 

tains off diagonal contributions of the com- 
ponents and Ij.^ and is basically a semi- 
classical quantity. In the limit of zero periodic 
potential G- reduces to equation (9) of Ref. 
[4], For terms diagonal in the magnetic 
band index 



where k, varies from minus to plus infinity. 

cTj,, is readily evaluated by changing the 
slim over inli’ an integration and 

letting K,iNa = <p. k;-k,^{k, is, 

the wave vector at the Fermi surface). We 
have 



(/iD dip d{ co s 
^ I + - wr) 


where the sum and integration are over occu- 
pied states (denoted by primes). The symbols 

= hkiTini. cr,i = shImV. and h = |eBlfiC. 

To arrive at equation (10) the quantities 
in equation (9) were approximated using 
perturbation theory. The periodic potential 
is treated as a perturbation of the Landau 
levels, denoted by the symbol I. V, is the 
expectation value of the first Fourier expan- 
sion term of the periodic potential between 
symmetrized free electron states. Thus 
equation (10) is a sum over broadened 
Landau states. 

We examine the real part of 0 -"^. for the 
situation qA > 1 where the denominator has 
a strong minimum at („-aTlqA. For the 
real part of a'!,, the reciprocal denominator 


Ifi7l 


is treated as a Dirac delta-like function of 
constant area rr/^ A centered at ^i,. Then 


- V, A * -21, 


2 (67r^)^'''qA , h -him 


: f (Ji9d(fcos^. 
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( 11 ) 


l or metals I, Thus the important value 
of I; is A, 0. At A. ~ 0 the broadened 
Landau levels are generally completely 
occupied, with the possible exception of the 
highest level. This level contributes only if 
there are values of and for which the 
electron energy e,(Kj.. AJ = /a", fi" being 
the electron energy at the Fermi surface. For 
this case 


Kpcr 


I) 

J X 



IM 


fi'-hlm 


fill ( 12 ) 


where I, ts the value of the Landau level at the 
Fermi surface. The quantity Pnis a number 
between zero and one and is dependent on the 
position of the Fermi surface. 

The amplitude of equation (12) consists of a 
product of two factors. The factor ’ina-JAqA 
is the amplitude of the semiclassical expres- 
sion evaluated in the limit of large qA. The 
other factor is approximately equal to the 
ratio of the broadening, as given by perturba- 
tion theory, to the Landau level spacing. Thus 
the entire effect can be described as follows. 
When the Fermi level falls inside the broad- 
ened band (A, = 0) the electrons give an 
additional conductivity that ordinary elec- 
trons would have in the absence of a magnetic 
field, provided they have a reciprocal mass 
reduced by the ratio of the band width to the 
Landau level spacing. (In the case of the 
quantity discussed in connection with the 
</ = () condiJctivify. similar considerations 
apply. However, it is necessary in that case 
to consider a range of values of A,, slightly 
complicating the issue.) Since the effect only 
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occurs for such values of the magnetic field given by 

that the Fermi level falls inside the broadened 1,-—=—- (At) 

level it is clear that increments in the conduc- he N A 

tivity that are periodic in l/fl occur. These where i? and A are integer and A = (a, xa^). a,. With this 


peaks will reflect themselves in periodic 
changes in the soundwave attenuation. The 
height of the peak directly measures the width 
of the broadened band, thus providing an 
opportunity for an experimental determination 
of this quantity. 
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API’ENDIX \ 

I he ftiiKlioiis Jl',;„(ri satisfy niagnclit periodic boiin- 
dtiry conditions |h| rt ,V, a, ill", in where V,a, is a macro- 
scopic length, a, is a piiniitive lattice vector and ,V, is 
•in integer (i 1,2 1) f his condition rcsiricts B to values 


restriction is chosen to be an eigenfunction of 

■hi, and the commuting subset 

{rf/iidil.rt/ii/Va, ).T(;i3a.|)} (A.2) 

where II, it = 1.2.1) IS an integer. The eigenvalues of this 
operator are 

jcspi^K + m^Kij • fiia,, c\pi(c ri.Na.. exp Ik ■ «,ai| 

(A..1) 

where tr vanes from 0 to ,V - 1, K = K,ii,1 + 
(orthorhombic systems are considered) with 

K , — In ej N,ii,.Vi = 0.± \ . . +lNJIsl — l. - INJN. 
K„~ 2ni’..l ,\y<o. e-i = i).±\, , . , ±ltN JS - 1 . — J A,/A, 

K; = 2711',/ hi ,11,1. 1'l = 0. ± I , . . ± !A|/2 "■ I , — jjV.|, 

and K, = 27r(a,x aUA ' i.j.k.- 1 .2. 1 et cyclic 
The eigenvalues of >r„ arc („(«) where it is a hand 
index. e„(K) is independent ol it and each level is al least 
,V fold degenerate. e„lir) has the properly[2, 7| 

{„(«) = E„I(C+ K) (A.4) 

with Is = iiiKi/A t /i.KJA t ii|K.| k. is a vector of a 
miipiielii rei iproeiil Itillii e 

Fortlie siliiation when the periodic potential is written 
as I ti.v..') = )'u. 3 )-l- 1 (:), and B is along the r-axis ihc 
wave lunslion is separable into ifi: „ 11 ',',',' k'’ 'idh energy 
£,(«•,) -f £„(«,. «•„) Heic ili,K. IS a one dimensional Bloch 
wave function and l!Ti« ,, is a two dimensional magnetic 
wave function When the electrons are free along the 
:-axis, the wave tiinclion reads c'* ' O'"’;" with appro- 
priate noiinali/ulion Heie J. vanes from minus infinity 
10 plus infinity and ihe cncigy is trls/l2tit + t„{K,. k„). 
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NONLINEAR ATTENUATION OF MICROSOUND IN 
SEMICONDUCTING CdS 

J. ZIJCKER and S. ZEMON 

Bayside Research C enter ofCiencral Telephone & Electronics Laboratories Incorporated. 
Bayside.N.Y. II360,U S.A. 

(KeiewedS Septi'niher 1969) 

Abstract -The room temperature attenuation of acoustic waves in semiconducting CdS was measured 
in zero electric field from 0-2 to 5 G Hz using Bragg scattering techniques. The waves were in narrow 
intense packets of acoustic power which had been amplified from thermal noise by electrons with 
supersonic drift velocities. Evidence is given lor phonon-phonon interactions among the various 


modes in the packet 

I. INTRODLC1 ION 

It is well known that propagating acoustic 
packets containing shear waves over a broad 
region spanning UHK and microwave fre- 
quencies can be generated in a piezolclectric 
semiconductor such as CdS by application of 
a field high enough to cause the electrons to 
flow with greater than sonic velocity [1]. 
These waves constitute a convenient source 
of acoustic shear-wave energy for attenuation 
measurements, obtained without the use of 
transducers or costly high-power microwave 
or UHf generators. We have made attenua- 
tion measurements at room temperature on 
such waves in semiconducting CdS in zero 
applied field in the frequency range from ()-2 to 
5 GHz, using Bragg scattering of a He-Ne 
iaser beam as a probe for the acoustic intensity. 
Our results are substantially different from 
that expected for single frequency waves’in 
the same frequency band. This we believe 
to be due to phonon-phonon interactions 
among the various modes in the packet. 

2. EXPERIMENTAL TECHNIQUE 
A standard laser beam Bragg scattering 
probe which has been described elsewhere fl] 
was used for detecting the acoustic waves. 
The important parameters of this probe are: 
light wavelength, 6328 A, power i^40mW, 


acoustic frequency resolution i.'iO MHz, 
spatial resolution, -'200 equivalent noise 
input to photomultiplier ~2 X 10’''* W/cycle 
and directional resolution ±0-5 deg. The 
data reported here were taken on two similar 
semiconducting CdS samples with carrier 
concentration of about 2x10'^ cm room 
temperature mobility about 300cm^/V sec 
and dimensions of the order of I x I x 4 mm®. 
Their long (current) directions were perpendi- 
cular to the crystallographic c axis. The 
acoustic waves investigated are the piezo- 
electrically active modes for this orientation, 
i.e. the shear modes propagating in the basal 
plane polarized parallel to the c axis. Low 
resistance contacts to the samples were 
prepared with an indium amalgam applied 
to chromic acid etched ends and heated at 
400T for 30 min in a forming gas atmosphere. 

Short, intense voltage pulses were applied 
to the sample which served to amplify a broad 
spectrum of acoustic waves in narrow packets 
from the thermal acoustic noise background 
[1). The characteristic of these packets have 
been extensively treated elsewhere] 1-.^]. 
The pulse duration was less than one-half 
the transit time for acoustic shear waves from 
cathode to anode to allow a sufficiently long 
field-free drift region in which the attenuation 
measurements could be made. 
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3. EXPERIMENTAL RESULTS 
Attenuation was measured for several 
strain levels by varying either the amplitude 
or the length of the excitation pulse. Starting 
spectra for two of these levels of strain in the 
vicinity of y„„, the frequency of maximum 
intensity, are shown in Fig. 1. The high- 
strain curve is peaked at 0-6 GHz while the 
low-strain curve is peaked at I 2 GHz. For 
both curves, the frequency separation of the 
half-intensity points roughly equals./;,,, which 
is much lower than the frequency of maximum 
net gain - .1 GHz) predicted by linear 
theory |6,7|. The downshift in J„„ with 
increasing intensity has previously been 
observed 1 1 -3 1, and has been attributed to 
parametric amplification of subharmonics at 
the expense of the higher frequency modes 
contained in the acoustic packet 1.3, 8]. The 


intensity was peaked in the current direction, 
falling to half its intensity at roughly ±5° 
from the current direction. The strain in a 
frequency interval of 100 MHz around the 
peak and in a cone angle of 1° about the 
current direction was estimated to be 4 x I0“‘ 
for the high-strain case and 7x 10 * for the 
low-strain case from the light scattering 
efficiency [9], /(./)//„. The photomultiplier 
signal half-width of 0- 1 ,asec gave an upper 
bound of 1 80 n for the acoustic packet 
half-width. 

The attenuation was studied both during the 
persistent acoustoelectric current that 
flows after the applied voltage V has fallen 
to zero, and after had essentially decayed 
to zero. In the first region, the decay is not 
exponential for modes below f„„ which still 
grow for some time after V has fallen to zero. 



I ig. I . .Spectra of acoustic packets for peak strains of 4 x 10 * (circles) 
and 7 X I0‘‘ (crosses). 
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The behavior during this time for the high- 
strain case is plotted in Fig. 2 for modes 
below, at and higher than 

After the current has fallen to zero, the 
attenuation curves at all frequencies could be 
approximated by exponentials. The attenua- 
tion in dB/cm as a function of frequency is 
shown in Fig. 3 for both the high-strain 
(circles) and low-strain (crosses). For com- 
parison, the lattice loss, «(,|7], and the sum 
of u, and the electronic attenuation af;|61, 
calculated for a frequency of maximum of 
3-5 GHz are plotted in the same figure. The 
data are in fair agreement with + only 
for the lowest frequencies. In the vicinity of 
/„„, the absolute magnitude of the observed 
attenuation la| is greater than [of j, while 
for frequencies much greater than 

4. DISCUSSION 

The important features of the attenuation 
data can be explained qualitatively by 
assuming that phonon-phonon interactions 
due to acoListoclectric nonlinearities f 10] arc 
operative among the modes of (he intense 
acoustic packet, fhis model predicts that 
acoustic energy is transferred from the most 
intense modes into the weaker modes. Thus, 
the growth of the low frequency modes in 
zero field can be ascribed to parametric 


amplification[5,8], the slow decay of the 
high-frequency modes to harmonic genera- 
tionfll, 12] and mixing, and the attenuation 
maximum in the frequency range of the most 
intense modes to the depletion of these modes 
by the aforementioned processes. 

Acknowledfiemenis—VJc arc mdeblcd lo A. Ganguly and 
E. M t'onwell tor useful discussions, and 1.. Jotirden 
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CHANGE IN VELOCITY OF HIGH FREQUENCY 
TRANSVERSE SOUND AT THE SUPERCONDUCTING 
TRANSITION TEMPERATURE* 

J. L. STEVENS and A. HOUGHTON 
Physics Department, Brown University, Providence, R 1 029 1 2, U.S A 

(Received 5 Seplemhei 1969) 

Abstracl-The change in velocity of transverse sound at the tnmsilion temperature consists of two 
parts 1 1) a static part (usually estimated to be 1-10 ppm arising from the difference in the elastic con- 
stant.5 between the superconducting and normal states, and (2) a purely dynamical effect due to 
Meissner Screening of the transverse electromagnetic fields at the transition temperature. It is shown 
lhal under suitable conditions, as first suggested by Ozaki and Mikoshiba, the second mechanism can 
give rise to much larger changes in the velocity of high frequency sound. In fact for Al at a sound 
wave frequency of 10'’ c/s and ql = 10 (here q is the wave numbei of the sound wave and / is the elec- 
tron mean free path) the iclativc change in velocity can he as much as I pan per thousand I he results 
of a detailed micioscopic calculation of the relative change in velocity ti,- r„)/i„ are picsented for 
weak coupling type I superconductors. 

I. INTRODUCTION change extremely accurately. For this reason 

I r IS WRi i. known that due to a difference in a calculation, using microscopic theory, of the 
the elastic constants between the supercon- change in velocity of high frequency trans- 
ducting and normal states, there is a static verse sound as a function of temperature and 
change in the velocity of transverse sound of mean free path was undertaken. It is shown 
the order of one to ten parts per million. How- that the change in velocity at high ql is even 
ever, there is under suitable circumstances a larger than that predicted by Ozaki and Miko- 
much larger change due to the interaction of shiba. 
the electron system with the sound wave. This 

effect, which is a result of the sudden change VELOCITY OF TRANSVERSE SOUND 

in the screening of transverse electromagnetic The model we have used to describe an iso- 
fieids at the transition temperature, was first tropic, type I superconductor is essentially 
pointed out by Ozaki and Mikoshibafl], These the same as the BCS- model. The model 
authors, who used a two fluid model to estimate consists of an electron gas weakly coupled 
the size of the effect, found that the relative to a lattice of positive ions. Embedded in this 
change in velocity iv,— v„]lv„ was strongly superconductor are randomly placed non- 
mean free path dependent and could be as magnetic impurities. The effect of these im- 
large as 7x I(]^^ at 7/ 7",. = 0-99 and c//= 10, purities is described by a collision time //I', 
here q is the wave vector of the sound wave I'fie velocity of ti transverse sound wave 
and / is the electron mean free path. As it is can be obtained from the equation of motion 
now possible using conventional techniques of the ionic system ' 
to determine changes of velocity to one part 

in HE. it should be possible to mea.sure this ( = - f.-Ti i V x f ) -i t'/p, 1 1 ) 


*Siipported in part by the Advaneed Research Project 
Agency, the U.S, Army Office of Research, Durham. 
North C arolina, and the National Science t ouiidation. 


where (a expi (q ■ r-tu/i is the ionic displace- 
ment. (■„ IS the velocity of sound in the normal 
state assumed to be a constant, and p, is the 
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ionic- mass density. The forces on the ions, 
appearing on the right hand side of equation 
( I ) are a short range force characterised by an 
elastic constant and the dissipative force den- 
sity F due to the electronic system. If the 
frequency of the sound wave is less than 
ID" sec ' the dissipative force density can be 
written 


F ---- c/% 




m-r,'-./,! ) U/ . 'Jf 


Here Vr is the Fermi velocity, m and ;V are the 
electron mass and number density and jj., Tj.. 
are the electronic particle current and stress 
tensor respectively. The brackets, ( ). denote 
both a statistical average and an average over 
the random placements of the impurities. 
The second term in equation 12) is the colli- 
sion drag force exerted by the electrons on 
the ions and the third term is due to the self- 
consistent electromagnetic held. 

Using equations (I) and (2) we may write 
the dispersion relation for transverse sound 
waves as 

(«" = (■^•ci'^-c/'Ml. + iK)!/),. (3) 


cf'HL + iK ). 


(2) Writing <« = w, -/w,, the attenuation and the 




I ijl I I'he iclalivt; iilk'miiition t>r tiiinsvcisf sounJ iis a I ig 7 The rclalive change in velotily of liansverst; sound 
function of I'cduccd Icnipcralure and*//. as a function of reduced Icmpcralure and <//. 
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phase velocity of sound are given by 

u-2 = qKI2piis (4) 

v,^cA\-i<Llpic;^-(Kl2p,cM 15 ) 

The correlation functions of equation (2) 
were expressed in terms of the Gorkov one- 
particle thermal Green's functions and com- 
puted by the usual methods [5 j. 

3. RESUETS 

The relative change in attenuation and 
velocity of sound are shown in figures one and 
two respectively. We have chosen parameters 
corresponding to Aluminum and the sound 
wave frequency has been taken to be 10* c/s. 
In fig. I we have plotted the relative attenua- 
tion of transverse sound as a function of 
reduced temperature for several values of <//. 
This figure shows the drastic decrease in the 
attenuation near the critical temperature due 
to the sudden onset of the Meissner effect 


followed by a more gradual decrease at lower 
temperatures. This change in the form of the 
attenuation characteristic was first verified 
experimentally by Claiborne and Morse[6|. 
In fig. 2 we have plotted the corresponding 
change in velocity of sound as a function of 
reduced temperature. It is seen from the figure 
that the change in velocity of sound is much 
greater than the static change for large values 
ofql. 
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LONGITUDINAL ULTRASONIC ATTENUATION IN 
TYPE II SUPERCONDUCTORS: CLEAN LIMIT* 

HILDA A. CEHDEIRA5, W. N. COTTINGHAMt and A. HOUGHTON 
Dcpailmcnl ol' Physics, lirown Univcisity. Piovidcncc. k I (12912. II S.A 

{Ri'i civi dS Seplemhrr I969| 

Abstract - The alleniiation of longitudinal sound in clean type II supcicondiiclois. near H, ,. has been 
calculated using a non-pcrliiihalive melhod. It is shown lhal at low ficqucncies the atlcnualinn rale 
depends strongly on the direction of propagation of the wave, and on impurity eoneenliation 


I. INTRODUCTION 

In this paper wo present a proeedtire tor 
calculating the transport coefficients of clean 
type II superconductors near which does 
not depend on an expansion in powers of the 
order parameter. The theory is used to study 
the attenuation of longitudinal sound in pure 
Niobium in magnetic fields close to the upper 
critical field. It is shown th;it the attenuation 
coefficient of longitudintil sound depends 
strongly on the direction of propagation, and is 
mtirkedly dependent on impurity concentra- 
tion even when ql s* I tind f,, /. here q is the 

wave vector of the sound wave. / is the electron 
mean free path and is the pure supercon- 
ductor coherence distance. 

2. THE ATTENUATION COEKEICIENT 
In the low frequency limit w., < TrT,„. pro- 
vided ql i> I , the attenuation coefficient of 
longitudinal sound is given hy 


(»/. = l<e 


(6J.sPi,)nt-\s 


jny 

3m 


<[n.n]>(q. wj. (I) 


In equation (I) ^ and are the wave vector 
and frequency of the sound wave, is the 


Fermi momentum and ([«.«])(£/, tu,) is the 
volume average of the density-density cor- 
relation function, ['he correlation function is 
obtained by analytic continuation of the ther- 
mal product (f/i. n]) (p. 6j|,)from the set of dis- 
crete points (un = ImitT to c = If we 
assume that, in the vicinity of the nearly 
uniform and constant magnetic field inside the 
superconductor can be replaced by its space 
average, the magnetic induction B, and treat 
the magnetic field dependence semiclassi- 
cally, the thermal product can be written 

(|/i.nl>(q.a.,.)-27'2jdTjdV 

xe-"-"'*' (r.r'lGjr'.r) 

-J d-V, J dVT;'’^,(r-ri)f;„,(r'.r,) 

X F(r|.r,)(;,„(r2.r')0’",„(n'-r)l (21 

here w = {2/i + I Irr'/ and u, ~ mi (a,,. 

The Green's function G^(r. r') appearing in 
equation (2) satisfies the equation 

r' ) = G’J'i r -r')-f dV, J dV, 

X GJ'tr-r, iFfri, -rolG’^iro. r'l. 

(31 
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(i'’(r — r') is the normal metal Green's func- 
tion in the absence of a magnetic field and the 
function K is defined by: 

F'(r„r2) = (4) 
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Ihe magnetic field having been chosen to he in 
the direction. 

It has been shown 1 1 1 thtil iterative solutions 
to equation (3) lead in certain eases to un- 
physical results even in the limit B -> 
recently, however, Brandt ct (il.\2\ have solved 
equation (3) approximately by a method which 
avoids Ihe iteration proeedLire. These authors 
note that when (//,., — /^) ' H,, the order 
parameter A(r) is given by the Abrikosov 
solution of the (iin/hurg-l andau equations 


and I /(//respectively. We should point out that 
as kr — ^ 0 when T Tr this theory is not 
valid too close to the transition temperature. 
Making this replacement and performing the 
analytic continuation of equation (2) we obtain 

^ 1 ([«•"]) (qt + CO., -f HIt, 0) + //2t) 

— { in: /(]) (q; oj -I- (j, -I- (72 t. w — (72t) ] (8) 


■^(r) - S C„ c""’" e (.3 ) where 

]) 


and therefore G’(r. r') when considered as a 
function of sum and difference coordinates, has 
the periodicity of the fiux line lattice with 
respect to the sum coordinate. Touricr analyz- 
ing equation (3) and noting that the dominant 
contribution to (I is obtained if V is replaced 
by (!'')■ dn average over its sum coordinate 
they obtain in the infinite mean free path limit 


( [n. «] ) I q; w -t w* + i72t. lo - HIt ) 

X [ I - 1 a.., * WIT) ( p + q + p' ) 


X(7'’„„-,,.„(p+p')r(p',0) 


(‘/) 


('’,„lp. kl 

“ .11 

where the wave vector A, =■ {Icli)' - is in- 
versely propoitmnal lo Ihe spacing between 
Ilux lines. 

A'^ = |A|^ 

(i, -- p'l2m - p. 


. , I \ ttA' ,,,/ to + T„ \ 
A, I'/sind \A',.tysindj 


(6) 


f'tp'.O) (A/A, )-2(27r)''fi(/;;) 

(10) 

is the Fourier transform of ( V) and./(f«) is the 
Fermi function. 

in order to make further antilytic progress 
we assume that c/ty - A-/A-,.F^ . H is then 
possible lo inlegiale over the magnitude of p 
and the polar angle, with the result that 

<Vpio,A3/n/ J 27tJ Ztt 


ft is the angle between p and B and x[/(w) /{w f wJ]/(oj, ft) (ID 

where 

df—, (7) 

/(<,.,ft) = (2/;e/f(M,)-l)(2/fc/C(r/)-l) 


If we resinci our calculations to the clean 
limit A,,/ '' I, scattering elfects due to im- 
purities arc included in Ihe theory by simply 
replacing lo by w ^ w( I -f /72T|(a|). Correc- 
tions lo the order parameter and the electro- 
magnetic vertices are negligible to order I/A,./ 


xBc 


2(A/A,.(v. sinft)- 

/ Vmii’lc,,' ) - /VrrH’tZo) 




Ml^ Zt) 


+ A ;A 


7 ♦ T’f' 

Zi) <.0 


( 12 ) 
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is the solution of the equation 

Zo = + ' V^(A/Avl/,, sinfll^tf'l:,,) 

Zii'* = j„(a) + aj,,) 

A:(m,) = [I -/V^(A/A,.(vsin(»W(:«)]-' 
sin 0 = (1 — sin^(/)sin^«)''^ 

and a is the angle between q and B. Note that 
[2Re K(ij,) - I ] == Milo. H] is the angular 
dependent density of states found by Brandi 
et al.[2\. In deriving equation (12) we have 
made use of the fact that when ql ^ I the only 
electrons contributing to the absorption are 
those moving essentially perpendicular to the 
direction of propagation of the wave. 

From the form of equation (12) it can be 
immediately seen that under the conditions 
specified above the attenuation will be strong- 
ly anisotropic. In particular we note that if 
sin 0 — 0, the density of states is singular and 
the function 

/((o,f)-0) = Ul + (<,F- A^)/k--A-|] (13) 

the BC’S coherence factor. In general the form 
of equation (12) is such that for an arbitrary 
geometry the attenuation coefficient can only 
be obtained by numerical computation. It is 
possible, however, to make further progress in 
the simple case of parallel propagation (q||B). 
If we assume I , the usual experimental 
situation, then keeping terms to first order in 
w, we find 

. _ w- / pi'y f do> 3f(a)) 

r/p,,,.. \3m/ "J 277 aoi 

X [2f?eA'(r,„)-l]--2(A/A,i>F 

X Re ) / Vtt B" ( m, ) -L | A.' ( ) I" 

e(i~*^o J. 

In the region of validity of the theory 


(//rj-fi) S the parameter (A/A^ijs 
(A/A«,.s.) I and therefore Akfiij) can be 
expanded in powers of (A/A,.t> )‘fi Further if 
we use the property of the IF(:) function 

/ Vn-fF);’ ) = [/x/jrlF):,)]’*' (|S) 

we find 

a/ = —^(^Yio i — 

’■ r/p,„„ \3w/ 'J 277 flu 

X 1-2(A/A,r>)- 

X A,.//w (/VfflFlro) ) 

l + (A/A,r, )V/w(fvV)F(c„)) 

-ReiM'^iV'iz,,) . (lb) 

2 . RK.Sl)I,TS 

The attenuation coefficient for longitudinal 
sound propagating parallel to the magnetic 
field in Nb at 4'2“K has been obtained from 
equation {!(>). by numerical computation, for 
three values of A,./. The results of this calcula- 
tion are shown in Fig. I . where = (o, - a,,}-/ 
(«„)^ is plotted vs. The physical 

parameters used in determining these curves 
were; A^ which w'as taken from Eilenherger's 
papeii3], (42'’K| = 2680G14J. = 

3-Ox 1(F em/sec and the density of states|5| 
/V(0) =5-6x l(f”crg/cm’. We would like to 
point out the following features of Fig. I: (1) 
O',- varies markedly with mean free path even 
when A,./ I and follows the trend found 
experimentally by Forgan and Gough |6|, this 
is in contrast to the theoretical predictions of 
MakifTl, also shown in this figure, which are 
mean free path independent under these 
conditions'. (2) m,- is, apart from a small region 
close to //,,, a linear function of 
down to fields B///,-, = 0-98 at which point it 
starts to deviate from straight line behavior 
this is also consistent with Ref. [6], It is not 
possible at this time to make an absolute com- 
parison of theory with experiment as the only 
theoretical results we have are at a temperature 
of 4-2‘’K. whereas the available experimental 
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ULTRASONIC ATTENUATION IN A TYPE II 
SUPERCONDUCTING ALLOY 


B. R. TITTMANN 
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iKeceiveJ September ['iWi.m revised jorm I November 1969) 

Abstract - Ultrasonic attenuation measurements have now been obtained on a magnetically reversible 
type-1 1 superconductor with both a high Gin/hurg-Landau parameter («,, > I ) and with BCS coher- 
ence length > electronic mean free path. For applied fields close to H , ,, the data appear to agree with 
dirty-limit (f,,// 1> I ) theory which predicts a linear dependence of « on //. At fields farther from 
MH) deviates from linearity and appears to fit empirically to a parabolic function of H At very low 
fields, H > //,, the H- and /-dependence is in apparent agreement with anolher theory. Physical in- 
sight into the hehavior in this region could be obtained with a model in which vortices are replaced by 
cylinders of completely normal material imbedded in a superconducting matrix 


I. INTRODUCTION 

Much theoreticai. and experimental work 
has been carried out on the ultrasonic attenua- 
tion in clean type II superconductors charac- 
terized by having an electronic mean free path 
greater than the BCS coherence length, / > 
and having a small Ginzburg-Landau para- 
meter, Kc = I. Although there have been 
theoretical[l-5] studies of the dirty regime 
characterized by / < fo and > I only few 
experimental investigations [6, 7] have been 
reported and discussed in the light of recent 
theory [1-5], One [6) of these is confined to 
high-field superconducting alloys, and does 
not study electron-phonon interaction which 
is basic to the present investigation. The other 
experiment!?], performed on the alloy Mo- 
25 per cent Re (ku s 4). yielded a linear 
dependence of the electronic attenuation on 
magnetic field near the upper critical field 
in qualitative agreement with the dirty limit 
theory [I -5], 

However, the measured slope was in dis- 
agreement with the predicted value and did 
not show the temperature dependence expect- 
ed from the theory [1-5] For H < no 
mention was made of the degree of magnetic 
reversibility and no interpretation was given 
for the ultrasonic data. 

The present experiments were undertaken 
to see if a more quantitative comparison with 


to explore the region in which H < Hr, where 
few data for the electronic attenuation in the 
dirty regime are available. For this purpose a 
well characterized magnetically reversible 
crystal with reasonable T,. and //,., values and 
moderately high ko and f,,// values was neces- 
sary, These requirements could be fulfilled 
with the solid solution alloy V-5-6 at% Ta and 
single, oriented crystals of this composition 
were grown by H. Nadler of this laboratory. 
Previous caloric [8] and magnetization [9] 
studies and the present resistivity and ultra- 
sonic data combine to render the alloy a well- 
characterized metal with k,: “ 5 andf,// = 5. 
The ultrasonic measurements [10] display a 
substantial electron-phonon interaction, a 
high degree of magnetic reversibility, theoret- 
icallyll 1-13] predicted upper critical fields 
Hr, and a behavior consistent with previous 
studies[8. 9] so that a quantitative comparison 
with theory is possible. The lack of hysteresis 
(except near the field of first flux penetration 
Hr,,) means that the attenuation data in the 
range H/„< H < H,, is physically significant 
and. therefore, its magnitude and temperature 
dependence should be amenable to detailed 
analysis and quantitative interpretation. 

2. EXPERIMENTAL TECHNIQUE 
The apparatus and measurement techniques 
used in this experiment are essentially the 


the theory [1-5] was feasible and in particular same as those already described elsewhere 
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I6i!!8 

[14], except that the experimental arrangement 
allowed measurement on specimens with 
relatively low demagnetizing coefficient. 
Sample shape is well known to influence the 
initial flux penetration field Hf,, and the slope 
1 1 5, 16] of the magnetization curve near He, 
in type-1 1 superconductors, the latter especi- 
ally when the condition f 16] > 1 

is not satisfied. Although in the present 
experiment k,; “ so that the above condition 
IS satisfied, it was possible to reduce the effec- 
tive demagnetization factorf 17] to n,., = 0 015 
by placing the cylindrical sample (length 
L = 3'8cm, dia. /)=l-.3cm) in between 
tapered cylindrical conductors machined from 
polycrystalline rods of nominally V-5-6at% 
Ta composition. 

The attenuation was measured by the pulse 
method at a frequency of 0-54 GHz for /ong/- 
tiidiiHil waves along the { 1 10) direction and 
parallel to the applied magnetic field. The 
magnetic fields of initial flux penetration Hf„ 
and the upper critical fields H,, are clearly 
defined by the allenuation data both for in- 
creasing and decreasing fields. The only 
hysteresis was found near W = 0 where some 
flux trapping can be expected. 

3. RKSUI.IS 

bor dirty limit f,,// I superconductors no 
simple theoretical expression is available 
describing the attenuation over the whole 
extent of its magnetic field dependence but 
theoretical predictions htive been made for 
two limits: the region|2] for fields close to the 
flux penetration field H/,, and the region [ 1 , .3-5] 
for fields close to H,., corresponding respec- 
tively, to the limits ofisolated, weakly interact- 
ing vortex lines, or DjS < 1 . and to the case of 
many strongly interacting vortex lines forming 
a very dense lattice, or DjS -= 1 (where D is 
the effective core diameter and S is the spacing 
between vortex lines). 

( I ) Ultrasonic allenuation for H < H,.j 

A theoretical expression for the electronic 
attenuation of longitudinal soundwaves 


a{H, T)lot,i as a function of applied magnetic 
field H near //„ is given]], 3-5] for the limit 
Ull > I by 


«(//, T)la„ = 


ep„c 


where C.fi) is a universal function [1] of the 
reduced temperature / = 7/7^- t' is the elec- 
tronic charge, is Boltzmann’s constant, c is 
the speed of light, p = 1-16, and p,, is the nor- 
mal state electronic resistivity, Equation (1) 
predicts a linear dependence of the attenua- 
tion on the applied field near Hr,. Figure 1, 
which shows the measured attenuation as a 
function of the field for three different tempera- 
tures. exhibits indeed such a linear dependence 
near Hr,. In order to verify equation (I). the 
magnetization parameter k -2 was calculated 
from the data and compared with values ob- 
tained in previous[8,9] studies. In terms of 
the slope at H,., of the field dependent attanua- 
tion curve the parameter k.. may be written as 


1 ^ ecp„C..{l) 

2 ](nr-k/iTrl3da{t)lriH 


( 2 ) 


From the measured values of the resistivity 
p„, the transition temperature 7^ the numeri- 
cal values] I ] of Gl/). the observed slopes 
and equation (2) the parameter ko was calcula- 
ted. Figure 2 displays the ultrasonic values of 
Ki in rough agreement with previous values 
obtained directly from caloric ]8] and magneti- 
zation |9J data. For T '■= T,. the accuracy of 
UialHH) at /y = Hr, is limited because of the 
limited region for which the curve is linear. 
The extrapolation to 7' = 7, of the values of 
KrlT) yields K-^iT = T,.}= -A-1. A com- 

parison with theory]! 1-13] of the temperature 
dependence of k, shows no disagreement for 
f„// = 5 without p-wave scattering. The theory 
11.3-5] does not predict the field H < Hr, 
down to which the linear solution holds, nor 
how the length of the linear segment changes 
with temperature. Flowever, an estimate has 
been made [18] that the linear dependence 
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1 ig. I UhrHsonic aUciiuatn'ii «> relative to the attenuation it, in the normal 
stale as a function of niagnelit field II for three representative temperatures at 
d frequency / -■ (l■54(jH/ inasampicof V-S fialM Tat with transition temper- 
ature 'I , - 4'7”K, and normal stale resisliviiy ^,,-41x10'’ IJcm). 
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I ig. 2. Magnetization parameter kj as a function of temp- 
erature, The values obtained with the help of equation ( 1 1 
from ultrasonic data on a single crystal oriented along the 
( 1 10) direction arc compared with values obtained directly 
from previous caloric [81 and magnetizatian[91 data on 
polycrystalline samples of nominally V-SatT Ta com- 
position. 


should hold in the regime (//,.;- 
((f(i//)(l -7 /7, The observed temperaiure 
dependence is in reasonable agreement with 
this criterion for the f,,// = 5 purity value of 
the V-5-6al%Ta specimen. 

(2) VUrasonii' attenuation for W ^ H(p 
For weak magnetic fields such that BeX- < 

I the electronic attenuation a{H. T)la„ as a 
function of the applied magnetic field B is 
given [2] by 


«„ \«„/|!(s Hr, 

where A,, is the temperature dependent super- 
conducting energy gap as given by the BCS 
theory [19], \ is the penetration depth and /I is 
a proportionality constant. Equation (2) 
predicts a linear dependence of the attenuation 
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on the applied field [20] H near Hf„ in agree- 
ment with the data on Fig. I. From the ultra- 
sonic data for W,._„ k,„ and T,. plus the tabula- 
ted values [21] for the energy gap it was 
possible to calculate the slopes of the attenua- 
tion as a function of temperature. As shown in 
Fig. 3, the theoretical slopes when fitted to the 
data near T = 7',. {A = 0-31) are in reasonable 



0 0-? 0-4 0 6 06 I'O 


l/T^ 

I ly ,1 I'lccironit iillcnuaUon per unit field |(t(//, '/f -- 
(ilW - l>. I]\lll - -ti, )/((„// iis iituntdonoficmpcr- 

iilure in the low niagnctie field rcginn //,„ ■- 11 II,,. I'hc 

ullrasonic d.ita l^ eiimpared wiih iheoi y 12| and ihe residls 
of a MiTipIc vorlex cure model. 

agreement with those obtained from the ultra- 
sonic data except in the region T 0°K. 

In an effort to gain physical insight into the 
behavior of the attenuation in this region a 
model was constructed in which vortices 
were replaced by cylinders for which the 
energy gap parameter is nearly zero. The 
matrix surrounding the cylinders acts with a 
BCS zero field energy gap. If the normal core 


and matrix have nearly the same moduli, the 
total attenuation is given by 

a{H,T) = (a,+ a„)[l-F(77,r|] + (o„+«„) 
V{H. T) (3) 

where «, = a(H — O, T), = a{H = //n, T), 

«/, is the non-electronic background attenua- 
tion. and V{T) is the total volume of normal 
material assumed to be made up of /V cores 
each of diameter D and unit length. With the 
substitution of aJa„ = 2l(e\p\Jki,T+]) 
from the BCS theory[19] and taking N = 
the slopes are given by 

(4) 

a„H 4 (j>„ 2ki,T 

where <])„ = 21 X 10 ’G cm'^ (the flux quan- 
tum). The predicted [22] Ginzburg-Landau 
coherence distance for the dirty limit I 
is 

i,r = 0'72}{^M\-TIT,). 

A reasonable fit of the calculated slopes to the 
experimeniiil values in the temperature regime 
near T = T,. could be obtained when D = 2f,, . 
Although the agreement near T = 0°K is 
poor, it is interesting to find approximate 
agreement with experiment in the magnitude 
and temperature dependence of the attenua- 
tion for such a simple model. 

One might expect the above considerations 
to break down when the vortices are made to 
approach (by increasing the field H) one 
another to within the critical distance given 
[22] by the penetration depth X. This is born 
out by the data such as shown in Fig. I where 
the limits of linear dependence of attenuation 
on field approximately coincide with field 
values Went, such that the critical spacing 
S. = "= X. 

0) Ultrasonic attenuation for H,f, < H < 

As seen in Fig. 1 the data exhibits a substan- 
tial transition region lying between the two 
limits H = Hf„ and H = Hf.,. Apparently no 
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Fig. 4 Electronic attenuation (l-«‘i as a function of 
field (I for several lemperalures where — 

(tlW, T)la(H = W,,, T) Note that far away from //,, the 
dataagrccwell withi I - o') xi i where h' - Hill,,. 

theoretical treatment covers this region. Figure 
4 shows the field dependent attenuation below 
Hri down to about HIH,., = 0'3 plotted against 
(I -/////, The resulting linear plots sug- 
gest that (I -«')«( I— /j')''- where «' = 
a{H, T)la{H = W,.,, T) and h' = HIH,.,, is a 
possible empirical fit. 

4. CONCLUSION 

For magnetic field values sufficiently close 
to the upper critical field the field and 
temperature dependence of the attenuation is 
not in disagreement with the dirty-limit theory. 
The only hysteresis observed in the ultrasonic 
measurements is near W = 0 where some flux 
trapping can be expected. This magnetic 
reversibility makes it possible to interpret the 
data in the range H « H,.,. The field and temp- 
erature dependence appears to be in agree- 
ment with the theory. Physical insight into the 
behavior in this regime could be obtained by a 
model which replaces vortices by cylinders in 
which the energy gap parameter is nearly zero. 
An empirical fit to the data was possible in the 
region of intermediate field values yielding a 


parabolic field dependence of the attenuation. 
Although most of the field dependence of the 
attenuation thus appears to be described by 
three different functions, it is interesting to 
note that the data behaves as if it might just 
as well be described by a single smoothly 
varying function if such were available. 
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HYPERSONIC ATTENUATION IN NIOBIUM 
IN THE MIXED STATE* 

JAMES N. LANGE 
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Abstract -The hypersonic attenuation of longitudinal and transverse modes in niobium is observed 
throughout the mixed slate. The field dependence of the attenuation is shown not to be directly 
dependent on the normal state volume in the mixed stale. The transverse and longitudinal attenuation 
have similar field dependences with the longitudinal mode coupling more strongly than the transverse 
mode to the vortices. The frequency and conductivity dependence of the phonon attenuation in the 
Meissner state exhibits features which arc not strictly similar to the behavior of the attenuation in 
insulators, and mighi be associated with the coupling oflhe pair states to the lattice. 


1. INTRODUCTION 

The mixed .state in Type II superconductors 
exists in a magnetic field interval bounded 
by two critical fields. The lower critical 
field (//,.,) is the local value of the field at 
which flux begins to penetrate the material. 
Below the lower critical field, the Meissner 
state exists in which no flux penetrates the 
interior of the superconductor. Above the 
upper field the material is in the normal 
state. In the mixed state (//,-, < H < Hr,), 
the interior of the material is penetrated by 
quantized lines of flux or vortices. The inter- 
action of these vortices with each other and 
the lattice almost entirely determines the 
electrical transport properties of this state. 
A convenient means of investigating the 
response of the vortices to electromagnetic 
excitation is through observation of the 
acoustic parameters of the superconductor in 
the mixed state. The acoustic wave distorts 
the lattice and generates a local electro- 
magnetic field in the bulk of the material 
which interacts with the flux filaments and 
superconducting regions. Propagation of the 
wave is modified by the reaction of the 
vortices to the lattice field and can be charac- 
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terized in two limits. When the external field 
is close to Hr,, the density of vortices is high 
and considerable interaction occurs between 
the filaments. Calculations of the acoustic 
attenuation near H,-, in the purell] and 
dirty (2] limits have been in substantial agree- 
ment with the observations[3,4]. At magnetic 
fields just above the vortex density is low 
and each filament is more nearly isolated. This 
low field region of the mixed state, is of 
particular interest in this investigation. 

A model of an isolated vortex consisting of 
an essentially normal core of radius f (coher- 
ence length) about which supercurrents cir- 
culate. was suggested by Carol!, deGennes, 
and Matriconl5] and is used in the following 
to relate the acoustic properties to the vortex 
state. Motion of the vortex as a whole leads 
to a viscous force similar to the Magnus force 
acting on superfluid vortices [6], As pointed 
out by Barden and Stephen!?], the viscous 
force acts through the relaxation of the 
normal electrons of the vortex core, to the 
lattice reference frame. This is the major 
source of resistance in the mixed state as 
proposed by Kim cl «/.[8], who suggested 
the relative motion between the supercurrents 
and vortices results in current, in elTect, being 
driven through the normal core of the vortex. 
Periodic distortion of the lattice reference 
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frame by the acoustic wave, results in a 
viscous force between the normal core and 
the lattice, as well as interactions of the 
vortex with supercurrents generated to shield 
the lattice electromagnetic field. 

The conductivity and frequency dependence 
of transverse and longitudinal waves are 
determined to provide information on the 
response of the vortex to the local exciting 
field. The magnetic field dependence of the 
stiffness in the mixed state is used to deter- 
mine the fraction of the material in the normal 
state. The hypersonic attenuation computed 
from the normal component is always less 
than that observed, indicating the interaction 
of the acoustic phonon with the vortex cannot 
be simply described by a two fluid approxi- 
mation. The coupling of the acoustic phonon 
to the vortex appears to depend on phase 
coherence of the two particle transition 
probabilities similar to that encountered in 
describing the temperature dependence of 
the acoustic attenuation. 

As the temperature decreases in the super- 
conducting stale, the normal electronic com- 
ponent of the acoustic attenuation rapidly 
approaches zero. The remaining attenuation 
is dependent on the strength of the normal 
process phonon interactions. Since the 
acoustic phonon does not have enough energy 
to excite the pair state across the energy gap. 
the attenuation reflects processes similar to 
those observed in insulators. The analogy 
between the low temperature attenuation in 
the Mei.ssner slate and that in insulators is 
not complete because of the unique phonon 
coupling mechanism resulting from the lattice 


distortions associated with the pair which has 
no obvious analog in insulators. 

2. EXPERIMENTAL ARRANGEMENT 

The hypersonic wave is generated by a 
quartz transducer placed in a high electric 
field point of a tunable microwave cavity. 
The wave is coupled to the specimen through 
a thin silicone oil (200-centistoke) band. The 
same quartz crystal is used as a receiver. 
The measurement accuracy (-3 per cent) is 
the same in the low field region as in the 
normal state because of the use of a logarith- 
mic detection technique. The single crystals 
are etched before each measurement to 
remove surface damage with a resulting 
reproducibility of the field dependence of the 
attenuation of better than 10 per cent. The 
wave vector is along the [ 110 ] direction of 
specimen 1 and along the [ 100 ] direction in 
specimen II. The displacement of the trans- 
verse modes in both specimens, is oriented 
so the velocity is dependent on the O 4 
elastic modulus. The residual resistance is 
determined by extrapolating the high field 
re.sistivity, measured by a four probe tech- 
nique. to zero field (Table I ). This is necessary 
because of the significant magnetoresistance 
of niobium. The critical magnetic fields are 
determined by simultaneous measurement of 
the magnetization and field dependence of the 
elasticity [9]. 

3. MIXED STATE 

At fields above (normal state) the 
attenuation is observed to be a linear function 
of the conductivity and a quadratic function 


'['able I. Characteristics of the single crystal niobium specimens containing 
approximately 1 00 ppm tantalum* 

Specimen Critical field at 4-2°K(kOc) Residual resistance (fSI cm) Resistance ratio 



tr, 


4-2''K W = 0 

P.miP'* 2 

1 

1 .32 

2-95 

0-233 

67 

It 

l•.14 

3 49 

0-669 

30 


•Impurity reported by the Materials Research Corporation. 
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Eig. I. The magnetic field dependence of the longitudinal mode 
attenuation at a temperature of 1'6''K and a frequency of 1 GHz 
for specimen I, The open circles correspond to measurements with 
the field perpendicular to the propagation direction, while the 
closed circles are for the field parallel to the propagation direction. 
The dotted line represents the first critical field (H,,t as determined 
from elasticity and magnetization measurements. The dashed curve 
IS obtained from equation (1) and the field dependence of the 
elastic stiffness in the mixed state. 


of the frequency. This behavior is charac- 
teristic for an electron mean free path (/) 
less than the acoustic wavelength [10]. The 
field dependence of the attenuation in the 
mixed state (Fig. 1) for magnetic fields less 
than, but close to is consistent with the 
predictions of the field dependence in the 
dirty limit < /). Estimates based on the 
residual resistivity indicate the coherence 
length is limited by the electron mean free 
pathfl 1]. 

The hypersonic attenuation at lower fields 
(H ~ //r,) in the mixed state, might be thought 
to be related to the same mechanism that 
leads to a resistance to transport current flow 
in the mixed state. The flow resistance is due 
to the equivalent currents which flow through 


the normal core of the vortex as a result of 
the relative motion of the superconducting 
regions and the vortex. The flow resistivity 
(P[) in .the mixed state is observed to be a 
linear function of magnetic field [12] with 
Pflp^ = HIHcr This emperical relation is 
independent of the composition of the super- 
conductor and suggests the flow resistivity 
follows a law of corresponding states. This 
relationship can be written in terms of the 
field dependent normal volume in the mixed 
state by using the model of the vortex sug- 
gested earlier. Then pslp^ ^ N{H)^[2] where 
N{H) is the number of vortices per unit area 
and ^ is the coherence length. It would seem 
reasonable to postulate a similar dissipative 
mechanism for the acoustic wave where the 
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driving currents result from the shielding of 
the periodically distorted lattice fields by 
supercurrents. The attenuation would then be 
proportional to the normal volume and given 
by HH) = ^sVs{H)IVu where * v is the normal 
state attenuation, V^iH) is the field dependent 
normal state volume, and T,, is the total volume. 
The field dependence of the normal volume in 
the mixed state is determined from the field 
dependence of the elastic stiffness. Observa- 
tions of the stiffness in the mixed state for 
both type I and type II superconductors 
indicate the field dependence of the stiffness 
is directly related to the fraction of normal 
volume analagous to the magnetization m 
this field region. Using the normal volume 
computed from the stiffness measurements on 
the same specimen, the dashed curve in Fig. I 
is computed. In order to make a direct com- 
parison between (he calculated and observed 
attenuation, without concern for demagneti- 
zation effects, only regions above H,., are 
considered. In this field range, the calculated 
and observed values are seen to be quite 



different. Attenuation results from interaction 
of the normal core with supercurrents gener- 
ated to shield the lattice fields and the differ- 
ence in velocity between the lattice ions and 
the vortex core. If this relative motion is the 
same in the superconducting state as in the 
normal state, the attenuation would be directly 
proportional to the normal volume. This is 
contrary to the observation that the measured 
attenuation is always less than the calculated 
value in the mixed state and indicates the 
motion of the normal core in the mixed state 
more closely follows the motion of the lattice 
than would occur if the vortex were sur- 
rounded by normal electrons. The super- 
conducting region surrounding the vortex 
apparently inhibits the motion of the core less 
than do the normal electrons with a reduction 
in viscosity of the core with respect to the 
lattice frame. In addition, since the super- 
conducting exterior region is moving with the 
lattice to shield the local fields, there is also 
a reduction of the current driven through the 
normal core by the relative motion of 



I It’, 2 t he tuiiisvcise mode alicnualion al I ■6"K and I OH/, for specimen II, on the lefi, and specimen I. 
on the right, as a function of applied magnetic field. The acoustic displacement is onented so that the f'jj 
elastic constant determines the velocity of propagation in both specimens. 
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the vortex with respect to the exterior 
supercurrents, 

The longitudinal attenuation in the mixed 
state is observed to be related to the con- 
ductivity in both its field dependence and 
magnitude. In the low conductivity material 
(specimen II), an anisotropy in the attenua- 
tion is observed with a larger attenuation for 
propagation perpendicular to the direction of 
the field than parallel to it in fields near He,- 
The attenuation in the Meissner state is similar 
for both specimens and well above the 
measurement limitations of the experimental 
apparatus. 

The field dependence of the attenuation of 
transverse waves exhibits features similar to 
the longitudinal mode, although measure- 
ments are not performed over the entire 
mixed state due to the high attenuation near 
Hr, ( Fig. 2). The difference in field dependence 
of the attenuation is apparent for the specimens 
of different conductivity. An anistropy in the 
attenuation of the transverse mode as well as 
the longitudinal mode is present for the lower 
conductivity specimen. The origin of this 
anisotropic behavior is not clear and may be 
related to the structure of the lower con- 
ductivity specimen although not in any 
obvious way. A comparison of the relative 
coupling of the longitudinal and transverse 
modes to the vortex can be obtained through 
subtracting the Meissner attenuation from 
the observed value in the mixed state. If 
the attenuation is primarily due to the normal 
core electrons, the ratio of the transverse to 
longitudinal attenuation should agree with the 
calculation of Pippard which gives a ratio of 
x,./x, = 5 . 56 . 7he observed ratio at a field of 
2 5kOe is only 3 75, showing less transverse 
attenuation than the free electron model would 
predict if the waves coupled similarly to the 
vortex. This indicates a reduced coupling of 
the transverse mode or possibly a different 
effective dissipation for the transverse mode. 

At lower frequencies (0-58 GHz), a larger 
segment of the mixed state transverse attenua- 
tion could be observed before the attenuation 


increased beyond the capabilities of the 
apparatus. A comparison of the lower fre- 
quency attenuation in the mixed state for 
the longitudinal and transverse modes (Fig. 3) 
shows a similarity in field dependence. At a 
field of approximately 3-5 kOe an inflection 
point in the attenuation is apparent for both 
modes. Above this inflection point the longi- 
tudinal attenuation behaves as predicted in 
high field limit for dirty superconductors. 

A quadratic frequency dependence is 
observed for the low temperature normal 
state iH > Hr,) longitudinal attenuation. At 
fields close to Hr, in the mixed state, there 
is also a quadratic frequency dependence 
for both the longitudinal and transverse modes, 
consistent with an absorption process in- 
volving normal electrons in the ql < 1 limit. 
At lower fields in the mixed state iH ~ Hr,), 
the frequency dependence is more complicated 
and IS, on the average, a linear function of 
frequency (Fig. 4). In this region of the mixed 
state the vortex density is low and the vortices 
may be able to respond more dynamically to 
the acoustically induced field, thus leading to a 
different frequency response than in the high 
density region. 

4. MEISSNER STATE 

In the Meissner state, no vortices are 
present and the acoustic attenuation originates 
from two sources. One component is due to 
the unpaired electrons at finite temperatures 
1 1 3| while the other results from phonon inter- 
actions. At l ■ 6 °K. the unpaired electron com- 
ponent is negligible and the attenuation is a 
result of phonon interactions. The nature of 
the coupling between the acoustic phonons 
and thermal phonon distribution contains a 
unique feature which has no analogy among 
phonon interactions in insulators. This 
coupling mechanism results from the distor- 
tion of the lattice necessary to form the boss- 
like superconducting pair. The longitudinal 
and transverse modes exhibit a complicated 
frequency dependence in the temperature 
range where phonon interactions dominate 




Fig. 4. The frequency dependence of the longitudinal 
attenuation for specimen 1 (open symbols) and specimen 
i I (filled symbols) at various field values. 




LONGITUDINAL 
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5 The frequency dependence of Ihe longitudinal and transverse mode atte'nuaiion at I 6°K m the Meissner stale. The 
attenuation is primarily due to phonon interactions in both specimen I (open symbols) and specimen 1 1 (filled symbols) 
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I ig (i I he residual wnductiviiy dependence of the longitudinal 
and iransverse mode iitleniiation in the Meissner state, at various 
tcnipciatures and frequencies, (he normal stale condiielivily is 
tissiimed to be inversely related to the impurity and imperfection 
disinbutmn. 


( I'ig. 5). The larger average frequency depen- 
dence of the longitudinal mode is consistent 
with the frequency dependence in some 
insulators. The longitudinal mode, after the 
attenuation due to the unpaired electrons is 
subtracted, exhibits a decrease in attenuation 
with increa,sing temperature for the high purity 
material. This behavior is not typical of 
insulators unless some rehixation absorption 
occurs at lower temperatures. 

Both modes exhibit a larger attenuation for 
the specimen with the higher impurity and 
imperfection concentration (big. 6), with 
the transverse mode having the largest slope. 
The ratio of the residual resistances indicates 
an impurity and imperfection concentration 
about three times greater in one specimen 
compared to the other. Insulators, such as 
rutile|14J, do not exhibit such a strong 
impurity dependence as observed in niobium 
for the same ratio of imperfections and in 
the same temperature range. The sensitivity 
of the attenuation to impurities and the 
unusual temperature dependence of the 
phonon component, are features of the phonon 


interactions which might be associated with 
the coupling of phonons to the bose-like 
superconducting quasiparticles. 
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DIRECT GENERATION OF SOUND IN METALS 
AND ACOUSTIC NUCLEAR SPIN RESONANCE^' 
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Abstract- The basic equations describing the direct electromagnetic generation of sound in a metal 
are studied, I'he boundary conditions arc taken to be those applicable for specular reflection of the 
conduction electrons at the surface The resonances of the surface impedance associated with setting 
up a standing acoustic wave m a metallic plate are evaluated, and the contribution of direct acoustic 
generation and subsequent acoustic NMR to the nuclear magnetic resonance signal is investigated 


I. INTRODUCTION 

During the pasi few years there has been a 
considerable amount of effort devoted to the 
study of direct electromagnetic excitation of 
acoustic waves in metals. Most experiments 
(1-91 have been carried out at frequencies in 
the mega-Hertz range in the presence of a d.c. 
magnetic field oriented either perpendicular or 
parallel to the surface of the metal. For this 
situation the rate of acoustic generation is 
found to be proportional to the d.c, magnetic 
field strength over a considerable range of 
magnetic fields. Abeles[10] has investigated 
direct generation of acoustic waves in indium 
films at microwave frequencies in the absence 
of an applied magnetic field. The analysis of 
Abeles' results seems to depend critically on 
the diflusc reflection of the conduction elec- 
trons at the boundary of the metal[ 10, 1 1], 
while the lower frequency results do not. It is 
considerably simpler mathematically (but 
probably quite unrealistic) to apply boundary 
conditions appropriate for specular reflection 
at the metallic surface. Therefore, in this 
note we limit our consideration to the low fre- 
quency acoustic generation for which specular 
reflection boundary conditions can be as- 
sumed. We investigate the acoustic standing 
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wave resonances of a thin metallic plate placed 
in an r.f. coil. For frequencies of the order of 
10 MHz, resonances of high quality (Q == 10'*- 
10^) can readily be obtained at modest mag- 
netic field strengths. For this situation a simple 
local theory of conductivity can be applied 
provided the d.c. magnetic field is larger than 
a few thousand Gauss. We also evaluate the 
contribution to the nuclear magnetic reson- 
ance signal due to the acoustic generation 
and subsequent acoustic NMR|I31. Under 
ideal conditions enhancement of the NMR 
signal by a factor of 10“ seems possible, The 
method may prove useful in studying NMR 
in bulk single crystals of a number of metals. 

2. GENERAL THEORY 

We consider the model of a metal used by 
Rodriguez [1 4] to study the magnetic field 
dependence of the velocity of sound. The 
metal is thought to consist of a lattice positive 
ions of charge ze and mass M. and a gas of 
free electrons of charge -c and mass m. The 
short range forces between the ions are ac- 
counted for by two 'unrenormalized' elastic 
constants, c, associated with compressional 
distortions, and t , associated with shear dis- 
tortions. In addition we introduce a phenom- 
enological phonon relaxation time Tp associ- 
ated with the non-electronic damping of sound. 
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The equation of motion for the ionic displace- Here the constants AE' and AE^ are defined by 
menl ^ is the equations 


+ l/ip) = c',V( T X ^ ) - f, V( V X ^) + re E 

+ -^XB„ + F. (1) 

' and 



' 3E(r) \ 

> 92 /j=o+' 


(5) 


The first two terms on the right hand side 
are short range forces between the ions. The 
next two are the electrostatic force, and the 
Lorentz force on the ions due to the d.c. 
magnetic field B,,. The last term F, the colli- 
sion drag force, is given by (rm/T)((v) 
where (v) is the average electronic velocity at 
position r, and ^ the local ionic velocity. F is 
simply the change in momentum per unit lime 
of an ion due to collisions with conduction 
electrons. The collision drag force can also 
be expressed as (-re/'riiKj,, +j,). where (/„ = 
n»c‘-Tlin is the d.c. conductivity and j,. and j, 
are the electronic and ionic current densities 
respectively. The electric field and electron 
current density appear in two other equations. 
The first of these is the wave equation 


fir- 


-f 





( 2 ) 


Here we have assumed that the metal surface 
IS a plane of constant r, so that the electric 
field E varies m the -direction only, and that 
E itself is in the .v-.v plane. The wave equa- 
tion (2) results from the two Maxwell equa- 
tions TxE = — r' 'B. and VxB = r''E-l- 
47TC 'j, when we assume dependence of the 
form cxp(Uot). Because of the existence of 
the metal surface at r. = 0, the electric field 
Etc) need not be a differentiable function of 
c at r = 0. We define Fourier transforms of 
E(:.) and j(r) by the perscription 

E(t/) = J'^dre"'‘E(r). (3) 

The Fourier transform of the first term on the 
left hand side of equation (2) is given by 

f dzc"'*-^f^=AE,;-/qAE„-q''’E(q). (4) 


AE„ = E(0-)-E(0-t-). 


The result in equation (4) is obtained by in- 
tegrating by parts realizing that E(z) need not 
be continuous at z = 0. 

For the case of a perfectly rigid lattice, the 
Fourier transform of the total current j(z) 
appearing in equation (2) is entirely electronic. 


j(q) = jr(q) = o’(q) • E(q), (6) 

where vUi) is the wave number and frequency 
dependent conductivity of the electron gas. 
Using equations (5) and (6) one can solve 
equation (2) for the Fourier transform of E(z) 


E{q) = 


A£|| - iq Afc'i, 

q'^ — {ii)-lc'^) + (‘iTTiu)lc^) ir(q)' 


(7) 


Knowing Eiq), we can easily evaluate E(z.) = 
/ (d(//27T)£(r/) e”'"- and the surface impedance 
Z = (47r/c)|£(z)///(2)].*(). For the case of 
diffuse reflection, one wishes to replace the 
semi-infinite metal by an infinite one in which 
E(z) =0 for z < 0. This means that, on the 
average, an electron arriving at the metal 
surface is replaced by an electron traveling 
from the opposite direction (from z < 0) and 
passing through the z = 0 plane as if no surface 
were present. In diffuse reflection at the sur- 
face the electron loses its memory that the 
electric field £(z.) has acted upon it as it ap- 
proached from z > 0. This is mimicked by re- 
quiring that its replacement coming from 
z < 0 pass through a field free region. The 
integration over q from to 4-“ can usually 
be performed by deforming the contour into 
the upper or lower half of the complex q- 
plane depending upon where e'" converges. 
The boundary conditions for diffuse reflection 
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are obtained by requiring that A£' = - E'(0+) 
and A£o = ~£(0+) be so chosen that the 
integration of £(q)e“'” gives zero for z < 0. 

For specular reflection, the electron retains 
a memory of the electric field which has acted 
on it as it approached the surface. This means 
that when we replace the semi-infinite metal 
by infinite one, both sides of the surface z = 0 
must be mirror images of one another. There- 
fore AE|, = 0 and AE', = -2E'(0-I-). For this 
case, the constant AE' can equally well be 
thought of in terms of 'fictitious' surface 
current sheet with 


density, 

j,(^) = <rtq}- [E(q)-(mioj/eT) ^(/)] 

+ [2£f./3e( I -I- /a>T)J aiq) ■ q(q • 

(II) 

The total current Hq) is the sum of the elec- 
tronic current density given by equation (11) 
and the ionic current density j,(^) = n^eiw ^(q). 

For the general case in which the d.c. mag- 
netic field is oriented at an angle d with the 
normal to the metal surface, we choose Bo to 
define the z-direction and choose q to lie in 
the y — z plane. Then we can solve equations 
(10) and 1 1 1) for the electric field E in terms 
ofjo andf 


or 

r-AF' 

jo(z) = «8(c) = ^fi(c). (9) 

The strength a of the current sheet can be 
shown to be proportional to the strength of 
the a.c, magnetic field at the surface i.c. a = 
(c/2w)H(0). In using this formulation of the 
boundary condition, we think of the total 
current density as the sum of j^, the electronic 
current density, j/, the ionic current density 
and jn, the fictitious surface current density. 
This total current appears on the right hand 
side of the Fourier transform of the wave 
equation (2). Since we have taken account of 
the discontinuity in E(z) at z = 0, the Fourier 
transform of equation (2) becomes 

j((/)= lE(q), (10) 

where I' = irq-jATTcj ( I —o)-lrq'‘) for the case 
which we have considered in equation (2), 
viz. E normal to the direction of propagation. 
In general, we can allow E to be oriented 
arbitrarily with respect to q, and equation 
(10) becomes a tensor equation where the 
tensor F = /cVMTrwl I — w^/cV) I— 
qq. 

The final equation involving j and E is the 
constitutive equation for the electronic current 


E(^,) = -(i-R-r) 

["/iDC/a) 


1 -(r„R) -I-: 


2F; 


;qq 


L (Tn 3d r'(-/a(r) 

Xf(^y)-(l-R-r)-' -R-jcIc/). (12) 


By substituting this expression for E in equa- 
tion (1) and wiiting as T’E-jo. we 
obtain the following tensor equation for the 
ionic displacement f 


^ - 5,'q- j 1 - (,?(■ -.?,-) qq + /w(VT 


-'^(i-«„r) ■ (i~R •!')-' 


, n„ei<o ^ 
. 


1 - iruR ) -(- 


,E, 


3d I -I- iwT) 


qq 


■^(9) 




XR-£„I] ■]„(«/). 


(13) 


Here 11,. = zeBJmc is the cyclotron fre- 
quency of the ions; Z?,,”' = (t„ = n„rTlm is 
the d.c. conductivity, and R - o-*' is the 
resistivity tensor. The quantities Si and s, are 
unrenormalized sound velocities; E^ is the 
Fermi energy; 1 denotes the unit matrix, and 
T stands for the matrix whose only non-vanish- 
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ing elements are 7j.„ = -T„j. = 1. This equa- 
tion is valid for an arbitrary orientation of the 
d.c. magnetic field, for arbitrary values of the 
parameters ql, W(.t and and includes 

both semi-classical and quantum effects if the 
quantum mechanical conductivity and resis- 
tivity tensors are used [1 5]. The general ex- 
pressions are rathercomplicated, and normally 
one restricts one’s attention to the simpler 
cases of B,, normal to the surface (helicon 
geometry ( 16]) and B,, parallel to the surface 
(Ganlmakcr geometry ( 1 7|). The first of the 
two cases involves slightly less arithmetic, 
so we shall investigate it in detail, and leave 
the slightly more complicated case as an exer- 
cise for the interested readerl I H|. 

3. iit:i,i((i\-(;t:()viKtKV 
for the helicon geometry, it is convenient 
to introduce circularly polarized coordinates 
defined by 

(14) 


for this case it is not difficult to demonstrate 
that the solution of equation ( 1.1 lean be written 


Liq\ 


:t'w ( I — (r^R , ) 
M<t„ f.iq.M) 


(!.'>) 


wheieW, (r, — ir, , t and 


E4q) in terms of jo4q). Knowing E4q), we 
need only calculate / EAq)e~*'‘^dql2n to ob- 
tain E.iz). A quantity of considerable interest 
to an experimenter is the surface impedance. 
It is given by 


, 8(u/ f” . / „ (1)- , 47r/(ij \' 

^ j" J , zm/ur ( I - ctR^)- 


Mr (r„R^fAq,w)\' 


(18) 


The first term is the normal surface impedance 
in the absence of acoustic generation. The 
second term is the change in Z due to acoustic 
generation. 

The function fjq. w) is a cubic function of w 
whose roots are the two acoustic waves (prop- 
agating in opposite directions) and the helicon 
wave (1 6]. Each of the roots has both a real 
and an imaginary part, giving the dispersion 
and attenuation of the wave. Obviously the 
change in surface impedance due to acoustic 
generation depends in a critical way on the 
nature of these roots. 


4. RKSONANt. KS OK A I'HIN IM.ATK 
('onsider a metal plate of thickness (/place 
within an r.f. coil. The boundary conditions 
appropriate to specular reflection at each 
surface are obtained by choosing the surface 
ciiiTcnt density to be given by 


J .{q. (^j) 




t, 

= « 2 (-)"S(:-/!d). (19) 

m- y 


x (d) — , ) 

d -^[\-m\-<r»R.)- ( 16 ) 

Mt 

The simplified form of equation (12) appro- 
priate for the helicon geometry is 


EAq) 


iwm ((r, -(r„) j„Aq) 

CT (7, — 


By substituting the solution of equation (15) 
into equation ( 17) we obtain an expression for 


fhe constant a is again equal to ((/27r)H(0), 
where H(0) is the a.c. magnetic field strength 
at the surface. The fourier transform of 
ji,(r) is given by 


]„((/) = (/ '« 2 <20) 

I- -•*. 

where is zero unless q — q', in which 
case it has the value of unity. All the equa- 
tions of the previous section up to equation 
(18) will hold for the present case if equation 
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(20) is used for instead of equation (8). 
This causes a change in the expression for the 
surface impedance, since only the particular 
discrete set of values of ^ = ( 2/+ 1 )-irld, where 
/ is an integer, contribute to the integral, bor 
the change in Z due to acoustic generation we 
obtain 


AZ = 


Izmioi’ ^ 
dMr " 


(I -ifiirnR^Y' 


(1 - 

fdq„,oi) 


( 21 ) 


All functions of q appearing in equation (21) 
are to be evaluated at q„ = (2n+ I )Wd when n 
is an integer. If the helicon frequency and 
the acoustic wave frequency are sufficiently 
different (i.e. a>„ = < Siq), and if 

the local theory of conduction is applicable, 
we may approximate fAq, w) as follows 


the skin depth. However, we have just seen 
that the r.f. field can generate acoustic waves, 
and that these acoustic waves penetrate into 
the bulk. The acoustic waves can interact 
with the nuclear spins and cause NMR in the 
bulk of the sample. In this section we con- 
sider the change in the NMR signal due to 
generation of acoustic waves. The acoustic 
wave-nuclear spin coupling is taken to be that 
suggested by Quinn and YingtI3], although 
coupling via other mechanisms can be treated 
in a similar way. The experimental arrange- 
ment considered in this section has the ad- 
vantage of utilizing a standard NMR spectro- 
meter; no transduces are necessary because 
the acoustic waves are generated directly by 
the r.f. field. The only added requirement is 
that the sample have flat parallel faces. 

The nuclear spin magnetization is given by 


/+(q,w) (w — .V/q — A+)((ij-f-.v,q-AQ 


[w-i-(ij//(l ±/7tu,.T)], (22) 

where 


A+(q) « ± 


i I Yl,.(Oii 

2t^~ 2s, q 


±i^ — 
s,q oj^T 


(23) 


Obviously AZ displays resonances at 0 ) = 
sq„ + Re^Adn)- The maximum amplitude of 
AZ at resonance is determined by the value 
of the imaginary part of A+(q„). l or the value 
of AZ at resonance we obtain 




J I I 

2t„ 2.v,^q- w,.T 


(24) 


For pure metals at low temperatures is 
usually much larger than the second term. In 
this situation the non-electronic damping of 
sound dominates the attenuation and deter- 
mines the quality of the resonance [1 9]. For 
frequencies of the order w = 10’ sec', QY 
of 10“ to 10^ are not unusual leading to 
Tp = 10 ■' to 10”“ sec. 


5. ACOU.STIC NUCLEAR MAGNETIC RESONANCE 
In a standard NMR experiment in a metal, 
the applied r.f. field does not penetrate beyond 


M, =x.B.. 125) 

where the nuclear susceptibility x± is given by 


_ ± iyMjJi 


(26) 


Here y is the nuclear gyromagnetic ratio, and 
the nuclear saturation magnetization in 
the direction parallel to the d.c. field B,,. 
is the transverse nuclear relaxation time. 
The expression for was determined by 
solving the Bloch equation for the nuclear 
magnetization. If one includes the nuclear 
spin magnetization, the Maxwell equation for 
VxBbecomes 


TxB = -^ + — j-F4;7TxM. (27) 

If we assume all the a.c. quantities vary as 
exp(iw/-(qz), then equation (27) together 
with the Maxwell equation for VxE can be 
combined to obtain the result (for circulary 
polarized waves) 

jAq} = iB(^f^v.EAq). (28) 



1706 


J. J. QUINN 


where — 1 —A-rrxt- In obtaining this result 
we have made use of equation (25) to ex- 
press in terms of 8., and written 8+ = 
±i lcql<x))E,, which is from the Maxwell 
equation for V x E. 

If we use equation (28) instead of equa- 
tion (8) and go through the same procedure 
as outlined in the previous sections we obtain 
an equation identical to equation (15), but 
now/4c/. a>) is given by 


/.(q, (ij) = (ttj- — (iw/r,,) — ± 11, .w) 

X (oj — i^uKTaR . V , ) 

+ (29) 

instead of equation ( 16). The change in surface 
impedance due to acoustic generation is 


AZ 


2:inio}'^ „ ( I — o-||8t)^ 

ilMTCTn " ( I - i^a-nR 'V . )/, (q, o>)‘ 


For 01 = sq and sq P oj//, .Tie/, w) is approxi- 
mately Is'^qHm - sq - A), where 


A- 


A| ~l‘ /A;) 


i I r 

2t„ 2.v,(/ L 


+ iv ., , 4- i 


Pill 

s,q(a,.r. 


(31) 


factor 


' (AZ)re5 \ _ 5|, 0)T 

. z„ /nmh ^1(I+o>,V)'« 



Here 8^ is the classical skin depth. For a thin 
plate (J = OT cm) of in a field of 30 k, we 
estimate the enhancement factor to be of the 
order of 70. 


6 . SUMMARY 

We have written down the basic equations 
describing direct electromagnetic generation 
of sound in a metal in the presence of a uni- 
form magnetic field. The general equation 
valid for an arbitrary orientation of the d.c. 
magnetic field is studied in detail for the simple 
helicon geometry (B„ normal to the surface). 
We also investigate the acoustic standing 
wave resonances in the surface impedance of 
a metallic plate, and evaluate the contribution 
to the NMR signal due to acoustic generation 
and subsequent acoustic NMR. Under ideal 
conditions, the enhancement factor of the 
NMR signal due to acoustic generation can 
be of the order of 103 

.‘tdntniMf’imt'ni-The author would like to thank 
(i M .Seidel and R. Gordon for a number of helpful 
discussions. 


If the non-electronic damping dominates, as 
it certainly does at low temperatures, the 
expression for AZ at a standing wave reson- 
ance is 


(AZ)„„ - 


X 


16 - 11 ,.&),, 


cu,. (- / Hru \ 

s/ srpy„h 


il,.CU|. (■' 
(II, 


(32) 


The appearance of the imaginary part of 
-4-x,, leads to an acoustic contribution to 
the nuclear magnetic resonance signal. It is 
of interest to compare the contribution to 
NMR coming from equation (32) with Z,„ 
that due to the usual NMR signal from the 
skin depth. We find for this enhancement 
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PERFORMANCE AND APPLICATIONS OF 
MICROWAVE PHOTON-PHONON 
DOUBLE-QUANTUM DETECTION 
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Abstract — Microwave phonons at 3- 1.4-7, and 9-3 GfU were generated with C dS Ihin-film tiansducers. 
propagated through ( e-'-doped MgO at 1-5 K. and detected with a photon-phonon doiihle-quantiim 
detector In comparing douhlc-quantum detection with the convenliemal pie/oelectnc method, tl 
was found that the energy detecting properties of the former yielded exponential decays even when the 
latter did not The field, frequency, and angular dependencies of the double-quantum detector were 
measured and inieipreicd, A shift from the doiihic-qiianium absorption to a slowly decaying saluraiion 
signal ol opposite sign was observed as the phonon irequency approached ihat of the photons The 
belter piccision made possible by the exponential echo pattein of the double-quantum detector 
was used to obtain accurate values for phonon attenuation. The Irequency dependence of allenualion 
in MgO at I -5 “K was measured for the first time. This dependence could be lilted to ti term propor- 
tional to frequency lot about 0-3 dB/cm-GH/) which indicated the presence ol scattering from dis- 
locations. and a frequency-independent term lof about 0-4dB/cm) attributed to boundary scattering. 
Ooiihlc-qiianliim dcieclion was also used to delect the scattered phonons observed between the 
echoes, and to demonstrate that they represented elastically sc.itlered phonons Longitudinal lo- 
ll ansvci sc mode couvei sion in one sample correlated with the presence of sm.ill-angic gram houndaiies. 
as indicated by ,X-i,iy dillraclion and laser ultramicioscopc observations 


1. INTRODUCTION 

The double-quanium detection of 9-4.‘> 
GHz phonons in Fe-’'-doped MgO with 9-21 
GHz photons was first observed hy Sehiren 
in. In an earliei' paper, we studied the IVe- 
queney dependence of the photon-phonon 
detector and discovered a new Raman-lype 
lransition[2J. The purpose of the present 
paper is two-fold. The first is to report on the 
characteristics of the double-quantum detec- 
tor, and in particular, to contrast the second- 
order photon-phonon transition with the 
first-order spin-phonon and spin-photon 
transitions observed by Lewis and Stoneham 
l-'i]. The second is to describe the use of the 
double-quantum detection as a method for 
measuring the frequency dependence of the 
attenuation [4] (to the best of our knowledge, 
this is the first such measurement at l-.fi 
°K), for observing the spectral distribution of 


scattered phonons, and for studying longi- 
tudinal-to-lrunsverse mode conversion. 

The double-quantum dciecior has the 
advantage of detecting phonon power 
directly, while the microwave signal observed 
by the conventional piezoelectric method is 
proportional lo the integral of the acoustic 
wavefront across ihc transducer surface, i.c. 
is phase-sensitive. I'hus, nonparallclism of Ihc 
sample endfaces or misalignment of the crys- 
talline axes produces the ragged decay (5] 
observed m Fig. I (bottom). On the other 
hand, the echoes detected al the same time 
by the double-quantum method decay 
exponentially (Fig. I. topi. This has allowed 
us lo measure the absoliile attenuation of the 
phonons as a function of frequency, and 
thereby to determine the nature of the 
scattering mechanism. Andrews and Strand- 
berg[6] attempted to measure the absolute 



1710 


A. J. BUDRF.au and P. H. CARR 



0 to ' 2d^'id “40 
TIME (/iS) 


I iji. I (dmpuiison ol duuhlc-<.jii«»nUim and pic/oclcclric 
ccliDCs foi s.unptc I ill 4'7C.iH/ Note lhat ihc Iwo 
di'IcclDis .lie on oppoMlc ends of the rod. pioducing ihc 
linic ddlcicncL’ hciwcen ihc (wo sets of peaks. 

attenuation of ftCH/. phonons with a super- 
conducting bolometer on one end of an A'-cut 
quart/, sample, but the loss of most of the 
acoustic energy in the bolometer precluded 
measurement of the intrinsic loss in the 
quart/, 

I he pie/ocleelric method can detect only 
the coherent phonons whose surfaces of 
constant phase are parallel to the end faces of 
the sample. Double-quantum detection is 
sensitive not only to these phonons in the 
primary beam but also to those scattered from 
it. The scattered phonons produce the ramp 
between the echoes observed by double- 
quantum detection in Fig. I (top). The 
presence of scattered phonons wais also 
observed with a supei conducting bolometer 
by Andrews and Strandberg. They were not, 
however, able to observe the spectral dis- 
tribution of these scattered phonons, as 
bolometers are broad-band detectors. The 
double-quantum detector, on the other hand, 
has a narrow bandwidth and a center fre- 
quency which can be tuned by varying a 
static magnetic field. We have taken advan- 
tage of this characteristic to measure the 
spectral distribution of the scattered phonons. 

Double-quantum detection is also a con- 
venient means of measuring the polarization 


of the phonons. Either the longitudinal or the 
transverse mode may be observed by the 
choice of the angle between the rod axis and 
the magnetic field. This property proved 
useful in revealing a ca,se of anomalous mode 
conversion in one of our samples. 

2. EXPERIMENTAL METHOD 

MgO rods were supplied by the Norton 
Company. CdS transducers, typically reson- 
ant at ? GHz, were deposited on the end 
faces. Phonons were generated with a CdS 
transducer and detected by both the conven- 
tional piezoelectric method and the double- 
quantum detector as shown in Fig. 2. A 
magnetron was used to produce 0-5 gsec 
electromagnetic pulses which were then fed 
to a coaxial resonant cavity. This cavity was 
tuned with a movable ceramic disk to reson- 
ate in overtone modes at about 3-1, 4-7. or 
9-3 GHz. Longitudinal microwave phonons 
were generated with a Cd.S transducer 
deposited on the end of the (l()())-oriented 
3 mm-dia. rod shown in Fig. 2. When the 
reflected phonon pulse returned to the 




Fig. 2 Expcrimcnlal upparatiis tor double-quantum and 
pie/oelocliic detection The electromagnet could be 
rotated about the vertical axis. 
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transducer, it was detected with a super- 
heterodyne receiver. The electromechanical 
conversion efficiency (of the order of 10“''), 
attenuation, and acoustic power were 
measured from these echoesl5,71. The 
double-quantum detection took place when 
the phonon pulse was inside a separate 
sapphire-filled TEon rectangular cavity, 
resonant at 8-7 GHz. The cavity was posi- 
tioned with the microwave magnetic field 
perpendicular to the static magnetic field. 
The photon-phonon double-quantum transi- 
tion was manifest by an increase in the 
absorption in the rectangular cavity of photon 
power from an A'-band frequency-stabilized 
CW source, as detected by a 1N23 diode 
which was d.c. biased for optimum sensitivity. 

The stabilized CW source was fine-tuned 
to the detector cavity by minimizing the 
noise output of the video amplifier. The 
minimum was presumably due to nulling the 
FM noise in the source. The CW power 
level was adjusted to produce the maximal 
signal-to-noise ratio for the (pulse) double- 
quantum signal. This optimum was about 2 
mW. At power levels substantially above this, 
the decrease in signal-lo-noise ratio was due 
to saturation of the detector diode, and not 
to saturation of the spin system. This was 
checked by placing calibrated attenuators 
between the CW source and the cavity and 
between the cavity and the diode. In each 
experimental run the amplitude of the double- 
quantum output was calibrated by measuring 
the height of the first double-quantum signal 
as a function of the power to the reentrant 
cavity. The exponential decay of the double- 
quantum echoes was measured in this way 
(see Fig. 3). 

The cavity configuration shown in Fig. 2 
could be modified to generate transverse 
waves by applying the electric field in the 
plane of the CdS film. This was done by 
shortening the cavity centerpost and placing 
the rod end between it and the lower cavity 
wall. The rod as shown in Fig. 2 had the ends 
outside of the sapphire-filled cavity. This 



OISTANCE (ONE UNIT = 3-56 cm) 


Fig. 3. ( omparisim of the detay patterns of sample I 
at 3-1 GH/ hy double-quantum (lop) and pie/.ot'lectne 
phonon pulse echoes. 7he double quantum decay was 
observed at 1-2 kCi, and the pie/oclectric echoes were 
observed both at this and at zero field. 

configuration allowed double-quantum detec- 
tion of the phonon pulse before reflection 
from the end face and thus eliminated this 
possible source of mode conversion. In 
another modification, we mounted the rod 
with its end flush with the inside wall of the 
cavity. The latter configuration had the 
advantage of additively combining the 
outgoing and reflected pulses to enhance the 
strength of the detected signal. 

The entire experimental assembly was 
installed in a cryogenic dewar system filled 
with liquid helium. A temperature of approxi- 
mately 1-5°K was obtained by pumping on 
the liquid helium. 

3. DISCUSSION OK RESULTS 
(a) Double-quantum detection 

The double-quantum transition is charac- 
terized by the simultaneous absorption of a 
photon and a phonon. The double-quantum 
signal appeared as a series of exponentially- 
decaying echoes, peaking at the mugnelic 
field at which the sum of the photon and the 
phonon energies equaled the transition from 
M = ~\ to M = + \ (Fig. 1 and Ref. [2]. 
We checked the absolute sign of the observed 
signals by first determining that the rectangular 
cavity was undercoupled. The pulses pro- 
duced by the double-quantum transition were 
of opposite sign than the CW absorption dip 
of the cavity resonance. It could then be 
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readily shown that these double-quantum 
peaks were absorptions, as expected. As 
pointed out by Shiren, the double-quantum 
method is suitable for detecting fast pulses, 
as the intrinsic rise and fall times are both of 
the order of T.., the spin-spin relaxation time. 
Our experimental rise and fall times were 
limited by the 2 MHz bandwidth of the video 
amplifier. 

A boxcar integrator on the scope output 
and a rotating coil magnetometer were 
connected to an X-Y plotter to obtain plots of 
output vs. magnetic field. The observation 
that the number of transitions observed in 
such plots was a function of frequency, and 
the presence of new transit ions, has been 
reported 1 2J. In addition, we found an apprec- 
iable change in the character of the signal as 
the phonon frequency approached that of the 
photons. For all experiments where the 
difference between the phonon and photon 
frequencies was significantly greater than the 
homogeneous linewidth of about 10 MHz, 
the narrow asymmetrical peak, sharper on 
the high-field side, as in the center trace of 
Fig, 4 (9'0I DQ). was observed. When the two 
frequencies approached to within 20 MHz, on 


(/I I / ( \ 



SATUHATIOU 


i I 1 F 1 
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MAGNtlle IILLD (kg I 

t-ij;. 4 Dclcclor DUlpm us u I'unctjDn dI m.iuntiic field I’ur 
photon I'lcqutnLy of ((•62<-iH/ I’honon ficqiicneics in 
(ill/, uie Us indiculeil LIppei three Iruees’ gute. I /isec. 
placed on fiist doiible-qiianiimi peak Lowci dashed 
trace- identical conditions to upper dashed trace except 
that gate sv;is iricieased to 12 /rscc and shifted tobegm 10 
jtisec after the first doiible-qiianlnrn peak I hits the lower 
dashed trace measured the variation of the baseline 


the other hand, the magnetic field scans 
became much broader and more symmetrical 
(Fig. 4, 8-60 DQ, 8-64 DQ). At the same time, 
there appeared a signal of opposite sign which 
decayed with a time constant of about Z.*! 
/tisec (Fig. 5). The amplitude of this latter 
signal increased, and that of the double- 
quantum decreased. as the frequencies became 
closer, so that when they were within a few 
MHz, the double-quantum signal could no 
longer be seen. This observation seems to 
correspond with that of Lewis and Stoneham 
[.f], who, using approximately equal frequen- 
cies, reported slowly decaying signals 
representing decreased absorption, which they 
attributed to spin saturation. Further, their 
line-widths were similar to those we obtained 
when the gate was placed on the slowly 
decaying signal (Fig. 4. 8-64 Saturatiern). 
They ofl'ercd no explanation for their failure 
to obtain double-quantum signals. Although 
they obtained traces[.T8] which were 
qualitatively similar to our Fig. .S, Lewis and 
Stoneham performed experiments in varying 
field and frequency which indicated a different 
origin for their signals. 

The remainder of this paper deals with the 
more general case, in which the phonon and 
photon frequencies differed by at least 100 
MHz. Under these conditions, the negative 
saturation signals of Fig. .S were absent. 

ih) Applk ations oj ciouhle-qiiunlum detection 

( I ) Frecpiency-dependence of the attenua- 
tion. rhe experimental attenuation measure- 
ments made in the manner illustrated in Fig. 3 
are summarized in Table 1. The large spread 
in the attenuation made by piezoelectric 
detection is due to the uncertainty in fitting 
the observed echoes to an exponential. This 
method of estimating the attenuation does, 
however, come within a factor 2 of being 
equal to the absolute attenuation measured by 
the double-quantum method. 

The experimental uncertainty for the 
double-quantum attenuation data was within 
10 per cent for a given run. The greater 




Pig. S Oscilloscope Irace showing the narrow double-quantum absorption pulses superposed on the ex- 
ponenliiil decay of opposite sign due to spin-saluralion. The photon frequency was 8-62 GHr and phonon 
frequency 8 63 GHz Timescale; I large division equals lO^sec 
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Table 1. Frequency-dependence of the attenuation 
in (1 00) MgO: 


Allcnuatlon 

Frequency (dB/cm) Ramp' 


Sample 

(GHz) 

Pie/Dclcc!ric Douhlc-quuntiim 

(dB( 

1 

.3 1 

0 4i0-2 

0-8 



4-7 

2 3±20 

l-SiO-S 

- 100+ 1-7 


90 

3 0it 0 

2-3i0-3 

-8-3+ 1-3 

2 

3-1 

2 6+ to 

t 4 



4 7 

2-3± 1 4 

2 2 ±0-3 

- 10-8 


90 

4 4 + 20 

3-2 + 0 5 

- 3-2 ±2-4 

3 

4-7 

2 5+10 

2 1 



90 

1 5±l 0 

2-4 


4 

4 7 

2 7± 1 0 

1-4 



90 

2-7+ 10 

28 

-3-4 


Measured in dB hclow the echi) peaks 


uncertainty in the table was observed from 
one run to the next. Between runs the rod was 
warmed up to room temperature and removed 
from the experimental cavities. Where there 
was no tabulated uncertainty for the double- 
quantum attenuation, only one set of data 
was available. The change in attenuation from 
run to run followed no set pattern. On some 
successive runs it increased, whereas on 
others it decreased. Dislocation motion due 
to the thermal gradients in cycling the sample 
from .'?0()°K to 1'5°K and changes in the 
mounting stresses are the most likely causes. 

1 he frequency-dependence of the attenua- 
tion gives an indication of the scattering 
mechanism. Scattering from external bounda- 
ries of the sample and from grain boundaries 
would be expected to be frequency indepen- 
dent while scattering from strain-field disloca- 
tions would be proportional to the frequency 
[9, 10]. The attenuation measured by the 
double-quantum method is plotted as a 
function of the frequency in Fig. 6. Although 
there is considerable experimental scatter, the 
attenuation is approximately proportional to 
the frequency, with a slope of 0-27dB/cm- 
GFIz. The zero intercept of 0-4 dB/cm is 

I the frequency independent component, 
attributed to scattering from boundaries at 
1-5°K. Using the estimate of 10" scattering 
centers/cm^ obtained from laser microscope 



PHONON FREQUENCY (GHz) 

Eli;, ft .Auenuiitioii of longitiidiniil phonons m MjiO ;il 
15''K. measured as a function of ftcqucncy h\ the 
iloiihle quiintuin method lor loin ditf'cieni s.imples. 

data (see below) we calculated the expected 
slope based on the expressions given for 
screw dislocations by Klemens[91, and for 
edge dislocations by rarruthers[l 1] and by 
Klemens|9]. These three expressions yielded 
slopes of 5-7x 10 "dB/cm-CiHz, l-fixlO - 
dB/cm-GHz. and 5x10^ dB/cm-GHz 
respectively. These are all to be regarded as 
order of magnitude estimates. Klemensf9] 
pointed out that the formalism he gave could 
underestimate the scattering by as much as an 
order of magnitude. Moss [1 2] observed that 
there was a tendency of the theories to under- 
estimate the scattering, and Carruthers’ 
expression yielded a closer fit. It is interesting 
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to note that, if we use the constants which 
Holland obtained from an emperical fit to 
his thermal conductivity data and scale up the 
number of dislocations to correspond to our 
sample, we obtain a predicted attenuation of 
0-8dB/cm-GHz. This is in reasonable agree- 
ment with our data. 

The linear frequency dependence was too 
small for the attenuation to be due to the 
absorption of phono.is by AM=±I spin- 
phonon transitions between energy levels 
whose spacing corresponded to the phonon 
frequency [ 13, 1 4J. I'his was also confirmed 
by comparing the attenuation of 9-3 GHz 
phonons measured by piezoelectric detection 
at the 1 -9 kG field required (the photons were 
at 8-7 GHz) for double-quantum detection 
with that measured at zero field (where the 
spin-phonon interaction was negligible). 
Individual echoes increased or decreased in 
amplitude, but there was no observable change 
in the overall attenuation. The attenuation 
changes at 3'1 GHz (lower set of data, big. 
3) and 4'7CiH/ were also negligible. The 
failure of the spin-phonon interaction to cause 
appreciable attenuation was most likely due to 
the fact that the AM-±\ transition was 
saturated by the first pulse (as indicated by the 
presence of the slowly decaying saturation 
signal in Fig. 5). 

(2) Sait lend phonons. I'hciiiMbk-qKimium 
method detects not only the phonons in the 
incident beam (i.e, the echoes in Fig. 1). but 
also those scattered from the main beam (the 
ramp between the echoes). The ramp in 
Fig. I was observable only after the first 
longitudinal echo. 'Phis was consistent with 
the fact that the phonons scattered from the 
mam beam travel a longer path in arriving at 
the rectangular detection cavity. As we noted 
earlier, when the difference between the 
photon and phonon frequencies was greater 
than 100 MHz. the ramp was due to scattered 
phonons and not to the saturation of the spin 
system. This was confirmed in Fig. 7, where 
the ramp height and the peak heights of the 
echoes were plotted for the same rod on 




TIME (ft sec) 

hig. 7 Allcmuition and ramp htjghl of sample 2 al 1-5 
''k compared for two diffcrenl runs Both runs weie at 
.V-biind with scpaiaiion of phonon and photon frequencies 
grcalei than 0-1 GHz The ramp height increased with the 
attenuation showing that U consisted of scattered 
phonons 

different runs. On the first run the echoes 
decayed with an attenuation of 2'9 dB/cm and 
the ramp decayed with the same attenuation 
but was 5-3 dB below the level of the decaying 
echo peaks. On the second run the echo 
attenuation increased to 3-8 dB/cm and the 
ramp decay was only 0-8 dB below that of 
the echoes. 

Ihe possible causes for the change in 
attenuation on different runs were discussed 
in the previous section. Inasmuch as the 
number of spins in the sample remained the 
same, we would not expect phonon scattering 
from the spins to have been the dominant 
scattering mechanism. The ramps of different 
samples (Table 1 ) were also found to correlate 
with the attenuation. This result was consistent 
with the view that the ramp was composed of 
phonons scattered from the primary beam. 

Double-quantum detection also allowed us 
to determine the polarization of the scattered 
phonons and their energy spectrum. Polariza- 
tion was examined by varying the angle be- 
tween the rod-axis and the magnetic field 
(see Fig. 8). The ramp height was independent 
of this angle, indicating that the polarization 
of the phonons was random, and therefore 
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ROD AXIS-FIELD ANGLE , fl (DEGREES) 

Fiji. K. Anjiiiliir dependence of duublc-qunntiim deicction 
for each of the three modes which propagate along the 
( 1(10) axis L is longitudinally polari/ed. is transversely 
polari/.cd, with motion normal to the plane of rotation 
of the magnetic field, and T,, is transversely polarized, 
in the plane of total ion 

that the scattering process was isotropic. The 
spectral distribution of the scattered phonons 
was studied by comparing the line-shape 
(field dependence as in Fig. 4) of the scattered 
phonons of the ramp with that of the unscat- 
tered phonon echoes. Initial experiments 
seemed to indicate the presence of inelas- 
tically scattered phonons downshifted in 
frequency [1 5]. However, a careful repetition 
of the measurements failed to confirm the 
preliminary results. Thus, within experimental 
uncertainty, no difference could be found 
between the spectral distribution of the 
scattered and unscattered phonons, and all 
observed scattering was elastic. 

(3) Longiludinul-lo-tranxverse mode con- 
version. The angular dependence of the 
double-quantum sensitivity is different for 
longitudinal and transverse waves [14], as is 
illustrated in Fig. 8. Detection of longi- 
tudinal waves propagating along the (100) 
axis is most efficient when the rod axis makes 
a 45° angle to the magnetic field, and that of 
transverse waves is most efficient at 0°. This 
angular dependence was used to study the 
anomalously large transverse component 
present in sample 2. Figure 9 compares the 
double-quantum signals at 0° and 45° with the 
piezoelectric output (lower part). The upper 
trace in the top part of the figure shows the 
longitudinal echoes (velocity 8-9 x lO’ cm/sec) 


observed when the magnetic field was oriented 
at an angle of 45° with respect to the rod axis. 
The end of the rod was protruding outside 
the end of the rectangular cavity as in Fig. 2, 
Thus, the first two echoes were closely 
spaced with a high ramp amplitude between 
them. The next lower trace of Fig. 9 shows the 
transverse echoes observed with the field 
al 0°. The observed velocity was 6 6 x |(F 
cm/sec, the same velocity obtained in piezo- 
electric experiments by changing the center- 
post configuration of the cavity to produce a 
transverse electric field. The transverse 
phonons were not observed in the piezo- 
electrically detected echoes shown in the 
bottom part of the figure. 

We believe that the longitudinal-to-lrans- 
verse mode conversion occurred at stnall 
angle sub-grain boundaries in the end of the 
crystal on which the CdS transducer was 
deposited. Since such a process would yield 
incoherent transverse phonons, they would 
not be detected piezoelectrically. 

X-ray diffraction and laser ultramicroscope 
examinations were performed on both sample 
1 and sample 2. While both departed from 
perfect crystalline structure, only sample 2 
showed small angle grain boundaries. At the 
end on which the CdS transducer was 
deposited, the sample was actually divided 
into three crystals with slightly dilTerent 
angular orientations. This is evidenced by the 
splitting of each spot in the X-ray diffraction 
pattern from this end of the sample as shown 
in Fig. l()(a), where the splitting of each 
spot in the pattern (actually each spot has 
three components indicating the presence of 
structures of three slightly different angular 
orientations, but only two show in this 
reproduction) reveals the presence of more 
than one angular orientation. For comparison, 
the diffraction pattern observed at the oppos- 
ite end of the sample. Fig. 10(b). is that 
expected from single crystal MgO. 

Samples I and 2 were compared by 
examination with the laser ultramicroscope, 
which is a sensitive indicator of light scatter- 
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ing cenler.sfl7]. Both samples had a mod- 
erately high concentration of scattering 
centers of the order of 10'* per cm** with 
apparently random distribution. The identifi- 
cation of the scattering centers as dislocations 
has nut been compared with the more 
traditional methods of studying dislocations, 
but their concentratton. distribution, and 
pattern of occurrence are so similar that there 
is little doubt as to their nature. The samples 
differed in that sample 2 had many bands or 
ribbons with very high concentrations of 
scattering centers, as shown in a typical 
photograph (Fig. 11(a)). The majority of 
such bands were found at the end with the 
t'dS transducer. Small angle grain boundaries 
normally have a higher concentration of dis- 
localitins than the bulk of a specimen, and it 
is probable that the bands we see in the photo- 
graphs are composed of the dislocations 
iissociated with the grain boundaries rather 
than the benmdanes themselves. Figure lib 
is a typical scattering pattern for sample I. 
A second distinction between the two 
specimens was (hat the bands in sample 2 
tended to traverse (he rod diiimctrically 
while in sample I they generally looped in 
from the cylindrical suiface, more or less 
parallel to the rod axis, and then loop out 
again, leaving the center of the rod free of 
grain boundaries, as shown schematically in 
Fig. 12. In comparing (he frequency depen- 
dence of samples 1 and 2 in Fig. 6, one can 
sec that the frequency dependent component 
is approximately the same but that the 
frequency-independent component for sample 
2 is larger than from sample 1 . This is consis- 
tent with the fact that the scattering from the 
more numerous grain boundaries in sample 2 
is frequency independent 19|. 

4. CONCI.U.SION.S 

Double-quantum detection has proved to 
be a useful tool in studying the attenuation 
of gigahertz phonons. Its energy-detecting 
property allowed more accurate and consistent 
measurements than piezoelectric detection. 



SAMPLE °l l-Sde/cm 


K 

SAMPLE *2 2 2dB/cm 

Fig 12. Sthcmalic drawing:, comparing Ihe pallerns of 
optical scalleilng cciitcis otiseived m samples 1 and 2. 
this IS based on a senes of photographs including those 
ot Fig HI t he ( dS transducer was deposited on Ihe 
right hand end of sample No, 2 X-ray diffraction from this 
end ll'ig lOtall also showed Ihe exislance ol small angle 
gram boundaries. The longitudinal lo Iraiisveise mode 
conversion observed 1-ig. 9. for sample 2 is altributcd to 
scallermgai these gram boundaries 

In addition, its ability to be magnetically 
tuned and to selectively measure the intensity 
of different modes of propagation gave it 
unique power as a diagnostic tool. Attenua- 
tion in Mg{) samples at FS^K was shown to 
be chiefly due to scattering from dislocations 
and boundaries. Anomalous longitudinal-to- 
transverse mode conversion in one sample 
was clearly evident in the double-quantum 
data yet completely hidden in the piezo- 
electric output. The anomalous acoustic 
bc’havior was shown to correlate with imper- 
fections in crystal structure as revealed by 
ultramicroscope and X-ray difl'raction 
measurements. 

/((AmMr/cdgc/rK'iiM-Wc wish lo ihank C' A Filh,i oflhc 
Solid Suite Sciences l.iihoiiitury. An Foicc Ciimbndge 
Reseiiich t.iiborrilories. for Ihe laser ultriimicroscope 
exiiiniiiiitions. and FI Posen and J A. Bruce, also of the 
Solid State Sciences laboratory, for the X-ray ditfraction 
measurements. We are indebted lo .1. Silva ol the Micro- 
wave Physics l.aboraloiy for technical assistance. We 
also wish lo thank .1, De Kleik of Westinghousc Research 
I aboratoncs, Pittsburgh, for fabricating cadmium sulfide 
transducers and for helpful discussions, 
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Fig. 9, Double-quantum and piezoelectric signals, sample 2 at 9-3 GHz. Uppermost trace 
obtained at rod-axis magnetic field angle of 45' for maximum sensitivity to longitudinally 
polarized phonons Second trace down at O'for maximum sensitivity to transversely polarized 
phonons. Bottom trace, made piezoelectrically, shows no evidence of either transverse phonons 
or (scattered) ramp between echoes. 
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Fig. I ()(a). X ray diffraction patterns of the regions near the two ends of sample 2. (a) taken near the CdS trans- 
ducer, reveals by the splitting of each spot that small angle grain boundaries are present, (b) of the opposite end, 
yields the pattern expected from the ( 100) face of a single crystal MgO, 



Fig. 10(b). 


Fig 1 1(a). Typical LASER ultramicroscope photographs of sample 2 (a), and sample 1 (b) The area in each 
case IS approximately 0-8 x 10 mm with a depth of field of about 10 /a. The long axis of each photograph coincides 

with the rod axis. 
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THE PROPAGATION AND ATTENUATION OF 
ACOUSTIC WAVES IN FERROMAGNETIC METALS* 

B. A. HUBERMAN, R. ITO and E. BURSTEIN 

Physics Ueparlmcnt and l aboratory for Research on the Structure of Matter University of Penn- 
sylvania. Philadelphia. Penn. 19104, U.S A. 

and 

V..SAWADA 

Physics Department. Osaka University. I'oyonaka. Japan 
{RficiiCil^Odohir 1969) 

Abstract- The physics underlying the propagation and attenuation of acoustic waves in ferromagnetic 
metals IS discussed The propagating modes are considered as coupled acoustic phonon-magnon- 
pholon modes <md their dispersion relation is derived loi both fei romagnclic insulatois and metals 
by Ire.ilmg the modes as electromagnetic waves I'hc damping of Ihe coupled modes is discussed in 
teims ol ihe individual damping mechanisms for the acoustic phonons, magnons .ind photons and their 
iclalive content as a function of frequeiiey Data on Ihe attenuation of high frequency (221) MHz) 
sound w.ives at low temperatures in fcrroniagnclic Ni is presented and discussed 


I. INTROnilCTION 

We present in this paper a discussion of the 
physics undcilying the propagation and at- 
tenuation of ttcoustic (A) waves in ferro- 
niiignctic mcliils in a magnetic field under 
conditions where the field within the crystal 
IS uniform. 

f'he acoustic waves in ferromagnetic 
crystals are actually coupled acoustic phon- 
on-magnon-photon modes which arise from 
the magneto-elastic interaction of acou.stic 
phonons (acoustic waves) with magnons (spin 
waves) [I, 2 1 and the magnetic-dipole inter- 
action of photons (electromagnetic {l:M) 
waves) with magnons[3|. (A direct coupling 
of acoustic phonons with photons may occur 
via a pie/oelectric interaction in ferromagnetic 
crystiil which are also piezo-electric, but we 
will for present purposes omit this coupling in 
our discussions), In the case of insulators, 
the dispersion relation for the coupled modes 
can be obtained by solving the coupled equa- 
tions of motion for the acoustic phonons, 
magnons and photons. In the ca.se of metals. 


'■Resciiich supported m pint by Ihe IJ .S. (Jttiec uf 
Naval Research and by the Advanced Research Piojccis 
Agency. 


one must also include the equation of molic 
for the single particle excitations of tf 
plasma, and Ihe resulting dispersion relatic 
for the coupled modes is found to depen 
on the magnitudes of ur,.. and whet 
(o, is the cyclotron frequency of the electron: 
11 a bi the wave vector [k) dependent frequenc 
of the cohpled modes and r, is the electro 
relaxation time. Since the coupled mode 
involve photons, they can also be regarde 
its EM waves in a medium of dielectric cor 
slant tloj.k) and magnetic permeabiiit 
ix(a).k). i.c. the dispersion relation of th 
coupled modes is idenlieal to the dispersio 
relation for the EM waves. 

In discussing the attenuation of Ihe couplet 
acotislic phonon-rnagnon-photon modes, it i: 
useful to do so in terms of the acoustii 
phonon-magnon and photon strengths of thi 
modes. This type of approach which has beet 
taken in the case of light scattering b; 
coupled plasmon-/TJ phonon modes [4] ant 
coupled photon-’/'O phonon modes (polari 
lons)l.S] has the advantage of providing ar 
intuitive basts for discussing the attenuatior 
of the coupled modes. 

The attenuation of the coupled modes is 
due, in part, to the ‘damping’ processes 
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When one includes the damping of the 
modes, there will be an upper limit to the 
value o\' and, therefore, an 

upper limit to the value of the k vector of the 
modes in the lit., branch. Beyond that maxi- 
mum k value, which is determined by the 
magnitude of the magnon damping, the pho- 
nons and photons are no longer coupled to the 
magnons. In most crystiils, the exchange term, 
Ak- IS appreciable only at k values greater 
than I0'f2), which is well beyond the maxi- 
mum k value for the coupled modes in most 
ferromagnetic insulatois. It can therefore be 
neglected in discussing the propagation of the 
coupled phonon-magnon-photon modes. (The 
elTcct of very large (magnon) damping is to 
completely smear out the region of anomalous 
dispersion so that the modes will he effectively 
uncoupled at all values of the wave vector. 
This happens for example when the width 
of the uncoupled magnon resonance is large 
compaicd to the splitting A of the coupled 
phonon-mtignon modes at large k values.) 

It is useful to express the acoustic phonon, 
magnon and photon chtiracter of the i)* 
modes in terms of their acoustic phonon- 
strength magnon-strength ./„(lli.). 

and pholon-sirenglh ///(llj which are de- 
fined by 

(iKl),.)-') ./ |(12,,) (iTdl*,)') (7) 

(Md),,)-) - ,/„(fh,)(M‘’(6i„,(A))'’) (S) 

{H(S2,,)^) - ,/„(12,,I<H°(12,,)^) (V) 

where u°d2,.) is the elastic displacement 
amplitude of the uncoupled phonons at J2;,; 
M^tia^tA)) is the magnetization amplitude of 
the uncoupled magnons at (oj,„(A|); and H°(12j) 
is the mtignetic field of the uncoupled photons 
at $2,. 

The phonon-magnon and photon-strengths 
of the modes are functions of frequency and 
wave-vector In general, for a given k and a 
given coupling constant, the closer a coupled 
mode is to tin uncoupled in frequency, the 


greater the admixture of that mode. In the 
ftt, branch, the modes are acoustic phonon 
in character at A = 0, i.e. u±(nj = «°± 
(^2^.) and .Vdl^A) ~ f As A- increases the mag- 
non content increases while the phonon 
content decreases. At large k values the 
t2i, modes arc magnon in character, i.e. 
MtflJ = M^toimtA)) and ./.wtffA,) ^ I, For the 
fitj branch, the A = 0 modes are an admixture 
of photons and magnons. As A increases the 
photon strength decreases and the modes 
become largely magnon in character. With 
further increasing A the magnon strength 
decreases while the phonon strength increases. 
At large A values the modes are predominantly 
phononlike, i.e. ■T'.ilflA) - 1. For the 12*., 
branch, the A — 0 modes are an admixture 
of photons tind magnons. and as A increases 
the magnon strength goes to zero and the 
photon strength goes to unity. One notes that 
modes with appreciable photon strength have 
little phonon strength and those modes with 
appreciable phonon strength have small 
photon strength. 

In general, when acoustic waves are trans- 
mitted into the crystal, only those modes that 
have appreciable phonon strength will be 
'excited', namely, the 12*, modes at 12*, < 
w,„ -A and the 12/,., modes at frequencies 
12*., > I here will be effectively no exci- 
l.ition of the modes which have little phonon 
strength, ntimely, the 12*., modes and the 
12* . • o>„, modes. On the other hand, when 
wiives are transmitted into the crystal 
only those modes which have non-negligible 
photon strength will be tippreciably excited, 
namely, the 12*, mode tit 12*, w„, and all the 

12*, modes, 

For purposes of discussing the attenuation 
of the modes with tippreciablc phonon con- 
tent one can, to a good approximation treat 
the 12*, modes having 11*. < and the 

12*, modes having 12* > w„, as coupled 
phonon-magnon modes. We take the fre- 
quencies as real and consider the wave vector 
A as complex, i.e. k = ki + ikj. Therefore the 
attenuation per unit length of path of the 
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propagating modes, (in the form of either 
plane waves or quasi-monochromatic pulses), 
which correspond to the spatial damping of 
the Poynting vector, is given by .c/ = 2^^. 
The attenuation per unit time is in turn given 
by 1’ = I'k, where v is the velocity of energy 
transport (in regions away from anomalous 
dispersion r is equal to the group velocity). 

In crystals where the attenuation of the 
coupled phonon-magnon modes is dominated 
by magnon damping one obtains the following 
expression for the attenuation per unit length 
in terms of the phonon and magnon-strengths 
of the modes. 


../■ 




i-f 2.'/ 


( 10 ) 


Where r,„ is the magnon relaxation time and 
v„~ HJI' i^' the phase velocity. We note that 
exhibits a peak when ./,i,(1Ja) is unity and 
i>„ is small, namely, at = oj,„ — A, 

. ^ Mi ,||, 

max • \ * * / 


At frequencies away from resonance, such 
that 5- o),„ and w,,, — A, ./ ,((!),■) I 
and the expression for .fy becomes 


y ~ ^ 1/(1 !< ) 

T,„ 


( 12 ) 


As mentioned earlier, the coupled modes 
with appreciably photon strength have negli- 
gible phonon strength and occur in different 
parts of the dispersion curves than the coupled 
modes with appreciable phonon strength and 
negligible photon strength. .Accordingly 
experiments carried out with incident EM 
waves and those carried out with incident 
A waves involve dilfeicnt branches ot the 
dispersion curves. In the case of EM wave 
experiments one observes a ‘ferromagnetic’ 
resonance at w = (lt, = cu,i„ - ■y(,{Hn+ 
A-irM,). whereas in the case of A wave experi- 
ments one observes a ‘ferroacoustic’ reso- 


nance at ( 0 = llj., = 7 ,,// - A. In ‘ferromagnetic’ 
resonance, the damping of magnons generally 
takes place via non-linear processes [7], 
whereas in ‘ferroacoustic' resonance, the 
damping of magnons is believed to involve 
spin-lattice relaxation processes (2-6), 

3. FKRROMAtiNE'nf' METALS 

In addition to the interactions which play 
a role in the ferromagnetic insulator, one has, 
in the case of metals, the interaction of 
acoustic phonons, magnons and photons with 
the single particle elementary excitations 
of the electron plasma. 

The strong interaction of photons with the 
electron plasma appreciably modifies the form 
of the dispersion curves for the electromag- 
netic modes and, thereby, the form of the 
dispersion curve of the couplpd phonon- 
magnon-photon modes. One of the major 
eft'ects of the modification of the dispersion 
curve of the uncoupled photons is to change 
the value of the wave vector at which the 
uncoupled phonons, magnons and photons 
cross one another. The absorption of EM 
radiation by the electron excitations contri- 
butes an additional strong damping mechan- 
ism that will lead to attenuation of the 
propagating coupled modes whenever they 
have a non-negligible photon strength. 
Since the interaction of phonons and magnons 
with the electron excitations are relatively 
weak, the forms of the dispersion curves for 
the uncoupled phonons and magnons are 
essentially unaflected. The coupling of 
phonon and magnon with the electron 
plasma excitations does however provide 
additional damping mechanisms for the 
coupled phonon-magnon-photon modes. 

The dispersion relation for the coupled 
phonon-magnon-photon modes in a ferro- 
magnetic metal are obtained by solving the 
coupled equations of motion for phonons, 
photons, magnons and the electron excita- 
tions faking into account the electron- 
photon interaction and the magnetoelastic 
interaction between phonons and magnons. 
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but neglecting the much weaker electron- 
phonon and electron-magnon interactions. 
We will u.se the alternative approach of 
obtaining the dispersion relation directly 
from the EM wave equation (equation (5)). 
For this purpose we will use a model in which 
the interaction of the photons with the elec- 
tron excitations is contained in A) and 
the phonon-magnon and photon magnon 
interactions are contained in jujo). A) (we 
will neglect the contributions of the elec- 
trons to /x((u,A)). Since the coupling of the 
phonons and magnons with the electron 
plasma is neglected, /i-tw, A) has the same 
form as in the case of the ferromagnetic 
insulator (equation (6)). The dielectric 
constant €*(<u. A) will correspond to that of 
the electron plasma in a magnetic field. (The 
nature of the modes resulting from the inter- 
actions of helicon and magnons alone ha.s been 
treated in detail by Stern and ('alien |8J and 
(ilick and ('allen(9|). 

When one neglects spatial dispersion (i.e. 
non-local) elVects. the dielectric constant of 
the electron plasma (assumed to be uncom- 
pensated) is, on the basis of a simple electron 
gas model, given by 1 10| 


e,, -t —~r- T “ + ie..{u>) 

i.tl 4.\ /.. I -1- j-r ' 


where the + and - signs correspond to the 
circularly polarized EM modes which are 
cyclotron resonance active and inactive 
respectively; is the plasma frequency; 
10 ,.== eBJmU- = yS» is the cyclotron fre- 
quency of the electrons; and is the electron 
relaxation time. In general y,- and y,. have the 
same sign, so that the circularly polarized 
photon modes which are cyclotron resonance 
active will also be the ones that couple with 
the magnons. We also note that and y^ 
have essentially the same magnitude and, 
therefore, (u,. will be approximately equal to 
= yr.Bd- Since the frequency region of 
interest for acoustic attenuation is in the 


vicinity of = yeji^, the cyclotron fre- 
quency will be much larger than the frequency 
of the incident acoustic waves. (In the case 
of uncompensated plasmas, e±(w. A) will have 
contributions from both electrons and holes.) 
Non-local effects can be taken into account 
by introducing the Doppler-shifted frequency 
o)' = ta-l- k . V and summing over the velocity 
distribution of the electrons at the Fermi 
surface in the Landau sub-bands. These non- 
local effects manifest themselves in the 
phenomenon of Doppler shifted cyclotron 
resonance! I ()). 

On introducing the expressions for A) 
and fi.(o).k) into the EM wave equation, one 
obtains the following dispersion relation for 
the coupled acoustic phonon-magnon- 
photon modes. 


A“('- = w' 




" (0(0ll±(O,.)+ IT,, ' 

477 ( 1 ), 


1± 


(1),,, -I- Ar i^A“ ± (I) 


(14) 


It should be noted that the expression given 
by Akhiezer el til.\ 1 1 corresponds to the case 
when (uTf < I and (o,.?,. 'g 1, and efw, A') = 

The form of the photon dispersion curves 
is determined by the magnitudes of me and 
(o,T,. In most experimental situations where 
(0 < I0'“cps, one generally finds that in the 
ferromagnetic metals the condition ur,, 1 
bolds. On the other hand, depending on the 
magnitude of B„ and the perfection of the 
crystal, both situations corT,, <? I and oicTe > 1 
can be encountered. When car,. 1 and (d^t,. 

1 as in the case of low resistivity ratio samples, 
e.i(o),k) is much larger than «,((ij. A). There- 
fore in the absence of any coupling with 
phonons and magnons, the dispersion relation 
for the EM modes will have the form 


C--A'|" = 277(700). (15) 

In this situation the frequency of the modes 
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has a quadratic dependence on wave vector. 
Under these conditions, it, = so that 
propagating EM modes are heavily damped. 
The phase velocity of the modes is given by 
t)p= ( 2 c'^/£ 2 )''‘ = (c'V27ro',))''2 and at given 
CO is considerably smaller than in the case of 
insulators. Accordingly, the point at which 
the uncoupled photon and magnon modes 
cross occur.? at larger k values than in the 
insulator case, and comes closer to the point 
at which the uncoupled phonon and magnon 
modes cross. Furthermore, unlike the in- 
sulator case, there will be a crossing of the 
uncoupled phonons and photon modes at k 
values below that for the crossing of the 
photon and magnon modes. 

For lOcT,, > I and co, .Ico > I , as may be 
encountered in high resistivity ratio samples. 
6i(w, A) is larger than e,(<a. A) and A, > k^. In 
the case of the cyclotron resonance active 
modes the photon modes correspond to 
weakly damped helicon waves (or to Alfven 
waves in compensated plasmas). The disper- 
sion relation for the propagating waves will 
have the form 


(Or 

When one takes into account the Doppler 
.shift in cyclotron frequency, the helicon 
waves at a given magnetic field are strongly 
attenuated at frequencies above w = <y,.— 1 > 
where c,. is the Fermi velocity of the elec- 
trons! 1 1). 

As can be seen from equation (6), the fre- 
quency of the helicon modes has a quadratic 
dependence on wave vector, the phase 
velocity is equal to c(ci),.co/ajp-’)’'" which at a 
given frequency is considerably smaller than 
in the &),.rp I case. Also the A values at 
which the helicon and magnon modes cross 
are even larger than in the case WpT,. « 1 . 
In fact this crossover point will occur at 
higher A values than that for the phonon- 
magnon curves, and the crossing point 
between phonons and helicons will occur at 


even larger A values than that for the helicon- 
magnon modes. It should also be noted that 
the helicon-magnon coupling is much larger 
than the phonon-magnon coupling (i.e. 
4tt<o, ^ A ). 

A calculation of the detailed form of the 
dispersion curves of the coupled photon- 
phonon-magnon modes is much more difficult 
than in the case of insulators, particularly 
when the crossings of the photon-magnon 
curves occurs at wave vector values com- 
parable or larger than those for phonons 
and magnons and has not as yet been carried 
out for the various conditions on (When 
the photon and magnon curves cross at A 
values much smaller than the crossing point 
for photons and magnons, as in the case of 
very low conductivity, the situation is similar 
to that of the insulator case, and can be 
calculated fairly readily). 

As in the case of insulators, there are three 
branches in the dispersion curves. At A 
approaching zero the modes correspond to 
coupled helicon-magnon modes whose fre- 
quency varies quadratically with wave 
vector (they have been observed by Grimes 
in nickel [1 2]); to modes with negligible 
magnon and photon content which corres- 
pond to acoustic phonon modes; and to modes 
at == (o„„ = 7 ,,fi with negligible phonon 
content which correspond to coupled magnon- 
photon modes. At large values of A, the modes 
of the lowest branch have a frequency tl*. = 
w,„ — A and are magnon in character; the 
modes of the next higher branch are acoustic 
phonon in character and the modes of the 
highest branch are photon in character; At 
intermediate A values, the modes will have 
mixed photon, magnon and phonon character, 
In those regions of ta and A where all three un- 
coupled modes come close to one another, the 
phonon, magnon and photon strengths of the 
coupled modes will be comparable to one 
another and it should be possible to excite 
the coupled modes either with incident 
acoustic waves or EM waves. 

The attenuation of the coupled modes will 
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be determined by the photon, magnon and 
phonon strengths and by the specific mechan- 
isms which are responsible for the damping of 
the uncoupled modes. 

The attenuation of the coupled modes via 
photon-electron excitations, the so-called 
eddy current damping, has been treated by 
Kittel[2) and Akhiezerl I ], who consider it 
to be the dominant damping mechanism for 
coupled modes with an appreciable photon 
content. Other mechanisms, such as non- 
linear interactions, have been discussed by 
Haas and Callen[7). Since, as shown by 
Abraham|l3| the damping of magnons via 
magnon-electron scattering is relatively 
small at low temperatures, the damping of 
the coupled modes with appreciable magnon 
content and negligible photon content is 
determined by other mechanisms, such as 
spin-lattice interactions. 

4. K.\l’KKIMt;N r.S IN NR KEl, 

Iherc have been relatively few investiga- 
tions of acoustic wave propagation in ferro- 
magnetic metals, fiarly investigators were 
primarily concerned with attenuation by 
domain-walls I l.'i, 1 6| Tuthill4| have in- 
vestigated acoustic birefringence in Ni in an 
external magnetic field for transverse waves 
propagating at right angles to the magnetic 
field and has obtained an estimate for the 
magneto-clastic coupling constant. However, 
they used a dispersion relation which neglected 
the coupling to photons and therefore neglec- 
ted the role played by the electron excitalion.s. 

We have carried out low temperature (liquid 
Helium temperature) measurements of acous- 
tic wave attenuation in Ni single crystal in an 
external magnetic field using a .standard pulse 
echo technique. Transverse ultrasonic pul.ses, 
2 /isec duration, at a frequency of 200- 
.MIOMHz were generated by AC cut quartz 
transducers attached to the Ni crystals with a 
low temperature (NON AC) cement. The 
Ni was cut and polished in an almost .spherical, 
ellipsoidal shape with the unique axis parallel 
to[l 1 1 1 the easy magnetization axis, and with 


small flat faces parallel to the (111) planes. 
The resistivity ratio of the samples was 25 
and, on the basis of magnetization measure- 
ments the samples were found to saturate at 
l-9kG. The use of frequencies above 100 
MHz allowed us to obtain data on the attenua- 
tion of the coupled modes in the vicinity of 
the uncoupled acoustic phonon-magnon 
crossing point at magnetic fields well above 
saturation and thereby to avoid complications 
from domain wall damping. 

Our data on the magnetic field dependence 
of the attenuation of transverse and longi- 
tudinal waves at 220 MHz (w = I -2 x 10*') 
for //,, and k parallel to 1 1 1 1 ] are shown in Fig. 
2. The structure which appears below 2 kG is 
due to domain wall effects. The attenuation 
of the transverse waves exhibits a peak at 
2 3 kG. An estimate of the magnon frequency 
at this magnetic field = yelWn-CW*)] 
which is extremely senitive to the value of 
the demagnetization factor (L), indicates that 
it is comparable to the frequency of the acous- 
tic waves. The attenuation of the longitudinal 
waves is considerably smaller than the trans- 
verse waves and exhibits no appreciable 
dependence on magnetic field above 2 kG, 



t ig. 2. Itie altcnualion ( -/) of A waves (220 MHzl m 
nicltel at liquid helium temperatures. The full lines denote 
transverse sound waves while the dashed lines denote 
longitudinal sound waves. 
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On the basis of the measured resistivity 
ratio of 25, a),.T, is estimated to be of the 
order of 10 Therefore, the appropriate 
dispersion relation to use corresponds to that 
given in equation (15) for the case where 
ejfw, A) > £,((0,0. Furthermore, the acoustic 
phonon, magnon and photon curves arc esti- 
mated to cross in the same region of fre- 
quency and wave vector. In this situation 
the nature of the coupled modes excited by 
incident acoustic waves is very sensitive to 
the parameters which determine eioy.k) and 
In the absence of detailed informa- 
tion about these parameters we have not 
attempted to calculate detailed dispersion 
curves at the present time. 

We plan to carry out studies of the propaga- 
tion of acoustic wave in high resistivity ratio 
crystals in order to observe the coupling of 
phonons :ind magnons with helicons. Since the 
coupled modes which are excited by incident 
acoustic waves in our experiments are an 
admixture of photons as well as phonons, it 
may be possible also to excite the coupled 
modes with incident liM waves. We pl;in also 
to investigate this possibility. 

A<kiuwleilni‘mciii,\-We wish U> .icknowlcilgg valuable 
disciissions with D. I . MilK and ihe avsislaiicc of P. J 


Flanders in obtaining the magnetization curves lor Ihe 
nickel samples 

REFERENCES 

I. AKH1E7.fr a. I , BARIAKHI AR V (i. and 
PFl.FTMINSKII S. V . Soinel Phys JElPi 157 
(1959). 

2 Kin'Et r. /’/ivs Rev 110, 8.16 (1958) and 
SCHEOMANN B.J.urpl.Phys 31, 1647(1960) 

3 KriTHE C , Quantum Thenry oj Wiley, 

New York (1967). 

4. VARtiA B. Phvs. Rev 137A. 1896 (1965) and 
BURSITIN E. PINCZLIK A and IWASA S.. 
PIm Rei. 157,61 1 (1967). 

5. thSHIDDA .S , PINf'ZUK A , TAYLOR W. and 
BURSTEIN H . Prm Conf. on II -VI Semiconductor 
Compounds (Ediled by D. G. I homas). p 1185. 
Beniamin. New York (1967). 

6 LU I H I B . Ilelv p/i.vv. Acta 37. 1 85 ( i 9f,4), 

7 HAA.S r, W and t Al l EN H , MnA'/iedvm (Ediled 
bv Rado and Suhl). Vol 1. p 50. Academic Press. 
New York (1963), 

8. SriiKN E. A. andCALI FN L .T/ivi Rev I.3I.5I2 
(1963). 

9. (it KK A. J .ind CAl TEN E, P/ivi Rev 169, 
‘'30(1968). 

10 BtJCHSBALiM S. J,, I’lusma Effects in Solids. 
Dunod, Pans (1964). 

II. KJF.hl DAST,Jr,/Viv.v Rev 113.147(1959) 

12 CiRIMFS C (' . Plasma Effeds in Solids Dunod. 
Pans (1964). 

1.3. ABRAHAME./'/iv.s.A:.t 98.387 ( 19551, 

14 I.IJTHI n..Appl.Phys. l.ell ». I()7()966), 

15. B07.0RTH R. M.,MA.S0N W P iindMcSKIMIN 
H.J .RellSysl lech .1 p 970, Octo)ier ( 1 95 1 ) 

16. WFSIT.G,; appl.Phys 29 , 480 ( I9S8| 




J.Phys.Chem. Solids Pcrgamon Press 1 970. Vol. 3 1 . pp. 1729-1733. Printed in Great Britain. 


ULTRASONIC DONOR-SPIN RESONANCE 
IN GERMANIUM 
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Abstract - txperimental results of ultrasonic spin resonance in As-doped tie arc presented The con- 
centration of As atoms aie between 1-7 x lO'* and 1-4 x !0'‘ cm •' The anisotropic behavior, the inten- 
sity and the line width of resonant absorption arc compared with either the theory of shallow impurity 
states, or the experimental results of E.SR 


1. INTRODUCTION 

HasegawaII] and Roth|2) investigated 
theoretically the spin-lattice relaxation of 
shallow donor states in germanium through a 
direct phonon process. The mechanism of the 
relaxation is due to a modulation of the ,c 
factor by lattice vibrations. In the ESR experi- 
ments under uniaxial stress. Wilson(3] found 
the anisotropy of the u value with respect 
to the magnetic field direction. It is expected, 
therefore, that an ultrasonic wave is absorbed 
resonantly by the donor spins via the direct 
phonon process [4] and the absorption mea- 
surement gives direct information of the 
spin-lattice relaxation mechanism. The obser- 
vation of such an ultrasonic spin resonance 
(USR) in As-doped germanium has been 
reported by the present authors 15) and by 
Lockwood et n/.[6]. 

In this paper the results of further experi- 
ments are described in detail and are com- 
pared with the theoretical results and with the 
experimental data on E.SR (3). I he dill'erence 
between experiment and theory of the absorp- 
tion intensity pointed out in the previous 
paperlS] is discussed in more detail based on 
the concentration dependence of the resonant 
absorption without .saturation effect. The 
concentration and temperature dependences 
of the linewidth A/f (the magnetic field split- 
ting of the absorption of half-maxima) are 
also discussed based on the simple model. 

The theoretical expression of the absorption 


coefficient «[4] for isolated donors is given by 
a= (ttN ) 

( 1 ) 

where oi is the angular frequency of the ultra- 
sonic wave, p is the density, r, is the sound 
velocity, T is Ihe temperature. 
g = {gi + 2g,)P. gi and g, being the longitudi- 
nal and transverse component of the g tensor 
in a single valley of the conduction band, is 
the Bohr magneton H,, is the deformation 
potential constant related to the shearing 
strain. A/; is the valley-orbit splitting of the 
ground slate. F is the anisotropy factor, and 
g(N) is the shape function of Ihe resonant 
absorption, J’gff/ld// = 1. The anisotropy 
factor for the longitudinal wave propagating 
in the (110] direction is shown in Fig. I. 

2. EXPERIMENTAL PROCEDURE 
The longitudinal ultrasonic wave of 9-26 - 
9-38GH/r, which propagates in the |II0j 
direction, is generated by the piezoelectric 
effect cither in T-cut quartz bonded to a Ge 
sample or in ZnS thin film evaporated on the 
sample. Reflection of the pulsed acoustic 
power through the sample is gated, integrated 
and presented on a recorder as a function of 
magnetic fields. The experiments were per- 
formed m the liquid helium temperature range. 
Though the magnetic field was rotated in the 
(110) plane in the previous report[5], it is 
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now roiiitcd in the (001) phinc heciiiise of the 
hirger absorption coefiicienl. 

The stimples were single erystuls which 
were X-ray-orientecI along symmetry axis, 
cul and polished. The concentrations of 
donors N„ and acceptors N„ were estimated 
from the Hall coefficient at .fOO'K, the Hall 
mobility ;it 77”K. and the ioni/ed impurity 
scattering formula[7|. In'I'able 1 aie tabulated 
the values of N,,, the compensation ratio 
K ^ N„IN,i. and the sample lengths The 
sample length was selected so that the fluclua- 
lion of N,i is less than 10 per cent ilmnighoul 
the sample. 

3. KXPKRIMKNI AI, KKSULIS AND DISCUSSIONS 
(a) Satiiniiitin aiu/ hiriic huckgroand ahsarf/- 
lioii 

I or the sample with highest concentration 
(CiH7) in Table I, any trial to obseive ;m 
echo of ultrasonic waves of 9TGH/ was in 
vain, because of very large non-resonant 
absorption m the sample. On the other hand, 
for the sample with concentration lower than 
1-7 X |0"‘em ' (GBl). it was not successful 


Tiihlf I . Samph's cniplovcd in the expenment. 
N,i donor conceiurdlioii, K. coiupcn.'idtion 
ratio, L: .vnnip/c length 
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to observe the resonant absorption because 
of the saturation effect. 

It should be remarked here about the non- 
resonant background absorption. For the 
samples whose concentrations are less than 
10'" cm ^ the relaxation absorption between 
the singlet and triplet of As donors [8| is less 
than 1 dB/cm[9]. On the other hand, in the 
samples whose concentrations are higher than 
2x 10'^ cm some donor electrons can move 
freely throughout the sample and the Hall 
effect is measurable at liquid helium tempera- 
turc|l()l, and hence an additive large tibsorp- 
liondtie to ‘conduction' electrons appears 1 1 1). 

In l ig. 2 is show'll the acoustic power (T) 
dependence of the niiiximum attenuation co- 
efficient (o,„) for GB2 at 1'5‘’K. The solid 
line in the figure represents the relation 
did +dP) with the appropriate value of the 
saturation parameter a. In Fig. 2 is also shown 
the power dependence of AW. which increases 
with P m the highly saturated condition. In 
all erases it was impossible to measure o in 
the limit of P -» 0 in good SIN. I herefore, all 
of the data, except for the anisotropy, were 
obtained by cxtnipolating 6 data or more for 
the different acoustic power to the limit of 
P— ► 0 As pointed out in Ref. f4J, P should 
be less than about l()■'’W/cm' in order to 
iivoid (he saturation. Since the power used 
was supposed to be 10 ' - 10 '’VV/emT it is 



Till 2 Atodstit power tleperidencc of the rriijximuni 
*wnpliuidc o} resonant iihsoipiion anti the linewitlth for 
the sample (iB2 a! I -4^^' K and 9-26X Ci H/„ 
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natural that we could not completely avoid the 
saturation [12]. 

(b) g Value 

The f! value obtained in our experiment was 
close to 1-570131 and the deviations from 
this value weie less than 0-3 per cent. I hc 
noticeable systematic deviation from this 
value was not observed. It was reporled|3| 
that the change of the g value under the stress 
of the order of lO-'g/mm- is several percents. 
■Since the uniaxial stress by the microwave 
ultrasonic wave in our experiment is ol the 
order ol 10 ' - 10g/mm% the g shift due to 
the stress is negligible. 

(e) Line .shapes 

In the samples used in this experiment, the 
hyperfine structure due to As nucleus is aver- 
aged out and the line shapes were close to 
the Gaussian type for GBl and close to the 
Lorentzian type for GC6, The line shapes ol 
(iU2 and G('4 are rather close to the Lorenl- 
zian. Because of the dilferent types of line 
shapes we lake in what follows the absorption 
intensity / = / od// due to USR as the 
experimental data. This enable,s us to com- 
pare the experimental data with the theory 
without the influence of the line shapes. 

(d) Anisotropy 

1-igure 3 shows the anisotropy of / with 
respect to the magnetic field direction under 
the experimental configuration shown in Fig. 
Kb). The data were taken under the good 
SIN condition where we could not avoid the 
saturation effect. The anisotropy is well 
described by the formula of F in Fig. Kb). On 
the other hand. AW shows the minimum in 
the [0101 direction. In the configuration of 
Fig. I (a), the decrease in AW with ifi is also 
observed 1 51. Hence, the anisotropic behavior 
in USR is qualitatively consistent with that of 
ESR[3]. In the later section we di.scuss AW 
at 0 = 0, where the broadning due to disloca- 
tions is absent [3]. 


(110) (010) (Tioj 



I ig 3 .Anisolropy of I iincl Ml in Ihc experinienliil con- 
liguinlion shown in I ig lihit'oi the s.implg (iC 4 al 
iindV'UlKiH/ 

(e) Coiwentration and leinperatnre depen- 
dences 

1 he concentration dependences of / and 
A// are shown in Fig. 4 and the temperature 
dependences of / and AW arc shown in Fig. 5 
and I ig. 6. respectively. For the samples 
with lower concentrations I is proportional 
to I IT (the Curie law), while for GC6 / devi- 
ates from the 1/7 law. Such a deviation from 
the (Tirie law in the higher concentrations 
has been observed in the magnetic suscepti- 
bility! 13] 3>rid in the intensity of ESR in SiLI4] 
and attributed to the exchange interaction 
between donor electrons (15). The evidence 
for exchange interaction is also seen from 
the results shown in Fig. 4, in which the 
experimental values of / deviates from the 
calculated value without exchange interaction. 
This calculated curve was obtained by equa- 
tion ( 1 ) for isolated donors with the following 
numerical parameters: ,e=l'57, g'=-0-35. 
H„-19eV. A£ = 415x 10 ■‘eV, p = 5-35 
g/cm', i\ - 5'44x 10= cm/sec, and oj --= 5-84 X 
)0'«sec“’. In Fig. 4 is also shown a theoretical 
concentration dependence of I after Sonder 
and Schweinleri 1 5], who treated the exchange 
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[ ig 4 < onct'iilialion dependence >it the ahsoiplion 
lnleiiMt> I iiiiil the linewidlh Mi al (f) - O’ at / = l•5"K. 
I he thick solid line is the calculated absoiption intensity 
loi isohiled donors and the thin solid line tS-S) is the 
corieeled one aflei Sondei-Selisveiiiler| 1 5| 



I IR, 5 I emperatine dependence of / at c/j ^ 0" All of 
the data are nomali/ed to U-fCiH/ on the hasis of w' 
dependence as shown in equation 1 1 1. 

interaction between donor electrons on the 
basis of the hydrogen molecule model and 
the random distribution of donors. The absorp- 
tion intensity is reduced from the Curie law by 


T (K) 



tig 6 Icmperaliire dependence of A// for USR and PSR 
at </> - 0“ As the value of A//(ll) lA/V at / -• tl| the 
follosving values are used: lOtt oeisted for ((iBI). 42 -.3. 
oeisted i(iB2). 36 oersted ((iC'4) and 24 oersted idCh) 
and 16-5 oersted (peak to peak Imewidth of l-ISR measure- 
ment) 

a factor (.V7 AT/iif'/f )"! I + «)" ' where a is 
NJlim''. A = .T79X 10 -eV, fl= l•9l x 10'" 
cm *, nt* = 0'24 for As atoms. This model for 
donor interactions explains the decrease of 
/ qualitatively. 

As mentioned in item (c). the hyperfine 
structure is averaged out and the line shape 
changes gradually from (iaiissian to 1 orent- 
/lan as the donor concentration increases. 
This feature indicates that the line shapes 
are motionally narrowed by hopping motion 
of donor electrons. In the case of motional 
narrowing, the concentration and temperature 
dependences are expressed by [3, 14] 

AH soexp {2KJ(i„) tan h ( |A|/2/.7'), l2) 

where Rn = Q-b2 (N^) a„ is an effective 
Bohr radius, and A is the activation energy 
for hopping. The dotted curve in big. 4 shows 
the concentration dependence of AW with 
< 1,1 =100 A, which value was obtained by 
Wilson [3] in the ESR experiment. This curve 
fits to the experimental data in the higher 
concentration, but deviates from the data in 
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GBl where the motional narrowing is not 
complete. 

Although the data of ESR[3, 141 have 
been analyzed by using equation (2), the 
temperature dependence of A// in USR 
cannot be described by equation (2) as shown 
in Fig, 6. In order to make clear the validity 
of equation (2) we performed an ESR experi- 
ment for the sample which has the concentra- 
tion and dimension close to GC4. The peak 
to peak linewidth A//„ obtained by the modu- 
lation method shows the temperature depen- 
dence similar to that of USR (Fig. 6). This 
fact indicates that the effect of acoustic waves 
(USR) on the hopping motion is not different 
from that of electromagnetic waves ( ESR). 

(f) Effective magnetuektstici'oupUnfi constant 

For Gc of cubic .symmetry, magnetoelastic 
coupling matrix has two independent com- 
ponents G||. and G.,.||161, where G„ = 0 
since a longitudinal stress applied along the 
(100) directions does not change the valley 
population and hence does not modulate theg 
tensor. Comparing the absorption coefficient 
given by equation (I) with that of the phe- 
nomenological expression [6, 16) the value 
of G,, for the isolated donors is given by the 
relation; GJ^^^ (g'H„/3A£)%/2. This leads to 
IGjil = 670 per unit strain. On the other hand 
the experimental data give the following 
values: |G,.,| = 5.30 (GBl), 390 (GB2), 380 
(GC4), 330 (GC6). The decrease of G^ 
value with increasing concentration may be 
due to the increase of the exchange coupling 
between donor atoms. 


Note added in proof. The measuremenls of USR for the 
sample of N^ = 5-2 X and K = 5 0 percent were 

performed after the submission of this paper. The data 
arc included in Fig. 4. 

At hiowtedpemenn — The authors would like to express 
their thanks to Professor W. Sasaki, Professor K. 
Shogenji and Dr. C. Yamanouchi for supplying the Gc 
single crystals They are also indebted to Dr. S Maekawa 
for his helpful discussion and for reading the manuscript 
and to H. Unoki and H. Ue for offering the facilities of 
ESR measurement, Finally they extend their thanks to 
members of Physics Division for their support in the 
course of this work. 
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ELASTIC AND MAGNETOELASTIC EFFECTS IN 
RARE EARTH METALS* 

T. .1. \fORAN and «. MITIII 

Physics Dcpaiinreni, Rutgers, The State University. New Briinsivick. N.J 08903. U S A 


{Rriftvcil ^ ^rpir/fihtr 1969) 


\hslrael - 1 he clastic and magnetoelasiic pioperlies ul (id.Tb. l)y and Hu are described as a function 
of temperature .mil magnetic field in the paramagnetic and ferrom.igtietic phases It was found that the 
lon.eiludiiial sound velocity along the r-aMs esinhiis an H* field depcmicnce in the paramagnetic slate. 
In the tcrruniagnelic region it was found that Cid, I3y and I b exhibited several competing magnetoelas- 
lic ciVects tor shear sound waves propagating along the < -jsis A qualilalivc explanation of these ellecis 
IS presented. 


I. iMRomicrioN 

Pptviou.s work in cubic ferromagnet.s .such as 
the garnct.sflj and magnetitcf21 has led to a 
good understanding of magnetoelasiic cflects 
in these materials. In this paper we have 
extended the same type of measurements to 
the Rare Earth metals Gd, Tb, Dy and Ho. 
These metals, which are quite similtir elastic- 
ally, all have a hexagonal magnetic structure. 
This, coupled with the giant magnetostriction 
exhibited by them, makes them an interesting 
subject for investigation. 

In this paper we begin with a section on the 
clastic properties in zero field and the ell'cci 
of magnetic ordering on them. Then we de- 
scribe magncloelastic effects in the paramag- 
netic state and finally the magnetoclastic 
properties of Gd, Tb and Dy in the ferromag- 
netic state. 

The measurements were made using the 
ultrasonic techniques described in Ref. 12). 
The sound velocities for c-axis propagation 
and transition temperatures of the samples 
used are given in fable 1 . 

2. RKSni TS AND DISCISSION 
(a) Elastic properties 

Figure 1 shows the temperature dependence 

‘Supported by the National Science Foundation. 


of the longitudinal sound velocity and attenua- 
tion along the t-axis in Gd. It can be seen 
from the figure that near the t’urie temperature 
both the sound velocity and attenuation show 
large anomalies due to critical scattering effects 
1.1, 4J, Around 220''K another anomaly of the 
same order of magnitude can be seen 6], In 
this temperature range the easy axis undergoes 
a sharp, continuous change from the c-axis 
to close to the basal plane 1 7. 8]. Below 220°K 
there is a slow change in the easy axis direc- 
tion until it reaches a cone angle of approx. 40° 
with respect to the c-axis at 60°K. A saturat- 
ing magnetic field will remove the anomalies 
in velocity!?] and attenuation indicating that 
they are caused by domain wall scattering. 
•Similar effects were observed in magnetite 
near its easy axis change 12], 

Tb, f)y and Ho show anomalies similar to 
the Curie point anomaly in Gd at their Neel 
points. The temperature dependences of the 
longitudinal sound velocities and attenuations 
have been given elsewhere (see Fig. 9 in 
Ref. 141). Dy undergoes a first order transition 
to the ferromagnetic stale at 85“K.. Due to 
bond problems we were unable to measure the 
sound velocity changes through this transition. 
However, at higher temperatures in the anti- 
ferromagnetic state where we could measure, 
the sample could be driven ferromagnetic with 
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Table I. Sound velocities for c-axis propagation and 
transition temperatures 


Sample 

*’lonK 


T, 

r, 

(idll 

2-9. I<)''cm/scc 

1-6 . cm/sec 


29orK 

Tb 

2 9 . |(K* cm/sec 

1 -66 . 10^ cm/sec 

227-6“K 

222°K 

[3yB 

Ho 

2d5 10" cm/sec 
: W . 10" cm/sec 

1 7 . I0'’cm/scc 

1-7 . Itr cm/sec 

l77-(fK 

I32I°K 

R.S”K"h: 



I ig I k-iiiricniuiic dcpi-ndi'iKc iil ihc ioiigilinlin.il 
iillr, [sonic .illcmialion and ch.uigcs in Ihc longiUidiiial 
sound vclocih' h’oiri ihc 3l)()"K iclcicncc vclocilv in Od 
Soiiiid pi op. [(’.moil ulonj’ Ihc i -axis, r - 5(i MH/ 

a sufficiently large field. Figure 2 shows the 
longitudinal sound velocity along the c-axis as 
u function of magnetic field at I67°K. The field 
is applied along the easy u-axis. It can be seen 
from the figure that between 12 kOe-15 kOe 
there is a very sharp jump in the velocity of 
about 2-7 per cent which indicates the onset of 
ferromagnetism. The figure has not been 
corrected for the magnetostriclive expansion 
which amounts to approximately 5 per cent 
of the total change shown (9]. 


Of 




-8 


T" T 1 1- 


-16 


-24| 


t 

* 



0 8 lb 24 

H[kOeJ 


I ig 2 Magnclic field dependence ol ihe chiingc in sound 
veliKily liom the I'cio field icleience velucily in Dy when 
Ihc simipic IS driven feruimiigiiclic Sinind propagulion 
.ilong Ihe r-axis. W npplicd liking the (Kisis, / = 167“K 


(b) Magnetoelaslie effects in the paramagnetic 
region 

Figure ? shows the magnetic field depend- 
ence of the longitudinal sound velocity along 
the c-axis in Dy for fields applied along the a- 
axis at various temperatures in the paramag- 
netic region. Figure 4 shows similar data for 
Ho. FTom both figures it can be seen that for 
reduced temperatures (T — TjlT,, greater than 
O'l above the Neel points of Dy and Ho the 
velocities exhibit an field dependence. The 
data in these figures have not been corrected 
for magnetostriclive expansion which is 
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Eig. 3 Magnetic fieW tiependenee of the changes in longi- 
tudinal sound velocity I'loni ihe /-cio field rel'eicnce velo- 
city in the par.iiiiagnelic stale of Dy Sound propagation 
tilong the c-asis, H applied along the n-axis. 





J 1 .1 1 1 nil 


.1 i.l 


Fig. 4. Magnetic field dependence of the changes in 
longitudinal sound velocity from the aero field lelerence 
velocity in Ihe paramagnetic stale of Ho Sound propaga- 
tion along the r-axis. transverse H 


ten in an abreviated way): 


estimaled frnni published dala|9. 10) lo 
amount to about per cent of the greatest 
change shown. This expansion also has an H''‘ 
field dependence for temperatures outside the 
critical region) 1 1). 

For both materials the effect increases as 
the transition temperature is approached. 
Close to the transitions other effects such as 
suppression of critical scattering (see Fig. 1 1 
in Ref. [4]) begin to appear. Critical suppres- 
sion causes an increase in the sound velocity 
with field. In Fig. -f the deviation at T = I86°K 
is thought to be due to this effect. In Fig. 4 at 
T = 133°K It can be seen that less of an effect 
is present at low fields, but there is an overall 
velocity decrease with field at a greater than 
H“ rate. Both l b and Gd show an depen- 
dence for (T--T„)/T„ > 01. Close to the 
transition they behave similar to Dy (4). 

This behavior can be explained by means of 
the following spin-phonon Hamiltonian (writ- 


H^W + 1 Wiffe 6 S, . S, -F X e-S, . 

n 0 

( 1 ) 

where the first term denotes the elastic energy 
(( = elastic constant), the second the volume 
magnetostriclive part and the lust a higher 
order term in the expansion of the exchange 
constant 7 in terms of the strain, e. Similar 
single ion magnctostrictive terms can be 
included in ( I ). 

Fhc second term in ( I ) is the important spin- 
phonon coupling term responsible For the 
critical effects shown in zero field attenuation 
and sound velocity 14], I he last term in (1) 
did not have to be considered for these critical 
effects. 

In the presence of a magnetic field this last 
term (or an equivalent single ion term) gives 
a contribution to the sound velocity propor- 
tional to xH' (x = spin susceptibility). Hence 
it can be seen from Figs. 3 and 4 that OU/fte' < 
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0 for Dy and Ho. Such is also the case for 
Gd and Tb which exhibit similar behavior 
far from the transition. 

Close to T„ one observes critical suppres- 
sion effects arising from the second term in 
equation (I ). These are discussed in Rel'.(4|. 

(c| Mdiinelovlostiv effects in the ferromiii;tieiie 
stale 

hlianc ^ •,/l()^^s ihc Held dependence ofihe 
^hciii \iHind veheily \silH /iropaga/ion diiec- 


It can be seen in Fig. .'i that the large change 
in velocity from zero field to saturation (which 
might arise from domain eftects) is isotropic in 
Gd. The diflerence in saturation fields is rela- 
ted to demagnetizing effects caused by the 
rectangular cross section of the sample used. 
For Tb it can be seen that the changes up to 
saturation are highly anisotropic with the 
absolute value of the change for the perpendic- 
ular mode geometry being almost three times 
t/iat oi'ihc pnntllel mode. As am he seen from 


tion along the r-a\is and po/arizalioii direction 
hoi/i parallel and perpendicular to the mag- 
neli/alion for Gd at 7d'’K and Tb at I40‘’K. 
Figure 6 shows :i similar plot for Dy at ITK 
and in addition a plot of the difference in the 
velocity changes for the two geometries after 
saturation lb eshibifed the same type of 
hehavioi shown in Fig. .“i lor till tempertiturcs 
in I he range or220-l4()'’K. 

; I I i I 1 I -1 



• -j 


6 cJ 1 
I 

-i 


] j 

L .1.. a 1 1 1 J 

0 4 B 12 1S 2'. 24 

H[kOs] 

t-iji S Majinelie tii’kl (lcpt'iii.li'ncc dI Ihtf c(iimf!cs m sbfiii 
siiiitid vckicily fiom itu' /cm field I'ctcrcncc velocity for 
lb ill I40"K (iippci scclioiil and Cid al 7')“K llower 
scclionl .Sound propiigalion alonj: f-iwi.i X. poliiri/alion 
pt'ipcndiciilai lo H and piindlcl 9 . polarization 

parallel lo // and b-axis. 


, , ♦ I 

VO 

0 ~»* f'x 


•4F 


I 

-fiC 




Fig. 6. Dy evhibits Ihesame type of anisotropy, 
but in this material the pnrullcl mode velocity 
incieases with field. However, the absolute 


r -f • 1 -T 1 


v\<r 
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I 

znsl- 


; .gV f ^ 
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! 

r 
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'8F 


^ f ■ t-H 






i L L - I L_ 

« H[xOol '' 24 


Kig f) (I ower scclionl magnetu; lield dependence ofihe 
changes in shear sound veloeily from Ihe zero field 
rcicrencc vclocily lor I)> al 79“K. .Sound propagation 
along Ihc ( axis X. polarization perpendicular to H and 
u-a.xis, •. polarization parallel lu fit and u-axis, 

(Upper scclionl Uilierencc in Ihe velocity changes of the 
two orientations of the pulanz.ation shown in the lower 
section after saturation. Ag/f„IR||//) -LVIV,[R i H). 
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value of the change is almost the same for the 
two modes. 

After saturation at lOkOe in Gd the mode 
parallel to the magnetization shows less of a 
decrease with field than does the perpendicu- 
lar mode. In Tb, after saturation at 1 2 kOe.the 
perpendicular modes shows more of an in- 
crease with field and in Dy above 14 kOe the 
parallel mode shows more of an increase. 
The difference in the two modes for Dy is 
seen to he linear above saturation from the 
upper section of Fig. 6. 

A linear theory of magnctoelastic interac- 
tions! I.2J predicts that only the mode with 
magnetization and polarization parallel should 
show a field dependence after saturation. It 
was found in cubic materials! 1 , 2| that this 
field dependence arose from a linenr coupling 
of spin waves and phonons. For hexagonal 
materials we obtain a dispersion relation for 
the coupled mode given by: 

(w- - — CO,/) — cryff, rk- (2) 

where for M„ parallel to the a axis the spin 
wave frequency cu,„, is given by! 12!; 

n h, Dy)w,„- = y-(H~NM„±%K/IM„) 

( H - NM„ + 4nM„ -t- 2 K-JM,, ± (^K/IM„ ) 
(Gd) 01 ,/ -= yVI - NM„ + 4nM„ 

-{2IM„){K, + 2K,)] (.1) 

where <t -- ^l/FI'/pMiii - is a measure of the 
strength of the inleraction; k. the phonon wave 
vcclor. y. the gyromagnciie ratio; i\ Ihe sound 
velocity; M,,. the saturation magnetization; 
N. the demagnetizing factor; K.,. K, and K/ 
are anisotropy constants; fl', the magnetoelas- 
tic coupling constant 11 1]: andp is the density. 

From equation (2) the group velocity change 
with field (identical to the phase velocity 
change in this case) can be obtained easily 
(forw„, t> C())!2|; 


For values of the anisotropy field large 
compared to the applied field (2K-JM(,= 
2i . 10* G for Dy) this equation predicts a linear 
increase in velocity with field. If one assumes 
that the cause of the field dependence of the 
uncoupled mode is isotropic, the difference in 
the two modes would be the velocity change 
predicted by equation (.f ). It can be seen that 
the dilference plotted in Fig 6 for Dy is linear 
as predicted by theory. 'I he coupling constant, 
B‘. which is obtained from the difference in the 
two modes is 2-7 . 1 O'* erg/cm'' for Dy. in fair 
agreement with the value obtained from mag- 
netostriction data! 10! which is approximately 
twice that obtained above. 

For Gd the difference in the two modes is 
very small, but it appears to have the field 
dependence predicted by (3). However, the 
coupling constant, li‘ ~9 . 10 ^ is 
almost three times the value obtained from 
magnetostriction data! 1 -M- 
For Th the dilference in the two modes de- 
creases instead of increasing and the absolute 
value of the change up to saturation is ex- 
tremely anisotropic. In this case we have no 
reliable way to separate the different effects 
and compare them with theory. 

It is thought that the field dependence of the 
coupled mode may arise from terms in the 
Hamiltonian similar to the last term in equa- 
tion ( I ). or nonlinear terms not covered in this 
analysis. 

In conclusion it appears that the rare earth 
metals exhibit very interesting effects arising 
from volume magnetostrictive type interac- 
tions as well as linear spin wave-phonon coup- 
ling. These effects are not well understood in 
detail yet. 
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SOUND PROPAGATION NEAR MAGNETIC PHASE 
TRANSITIONS* 

B. LiiTHI, T. J. MORAN and R. J. POLLINA 

Deparlmcnl of Physics, Rutgers. The Slate University. New Brunswick. N .J 0890,1, U.S.A, 

{Ret eivetl 5 Sepiemher 1 969) 

Abstract- Experimental results on critical velocity and critical atlcnualion changes are presented and 
discussed Whereas the critical velocity changes show a uniform behavior for all substances studied, 
namely a frequency independent and a weak temperature dependent elTect, the critical attenuation 
changes show a wide variety of behavior for different materials. A given substance can be characterized 
by the following physical parameters- spin structure (leiro- or .iiiliferrimiagnel). magnetic anisoliopy 
and range ol spin interaction. In this way the rare earth metals Cld. fb. Dy and Ho can be nicely 
accounted for by present Iheories. In insulators the coupling of ihc sound to the energy density of the 
spin system seems to be very important as shown in EuO. and also in RbMnE'iand MnFj 'These latter 
antileriomagnets .ire not fully tindci stood yet however. In addition other lestills (( oO, FeEd are dis- 


cussed and results for Cr presented 

I. INTROUIICTION 

In iHF. past, research in the field of phase 
transitions has been concentrated mainly on 
equilibrium phenomena. Systematic investiga- 
tions of tninsport properties are scarce. Con- 
sequently equilibrium phenomena have been 
reviewed extensively rccentlyl l-.l]. Prelimin- 
ary reviews of nonequdibritim phenomena can 
be found in Refs. [4, 5 and 6). There exists 
a greal variety of expcrimenttil techniques for 
the study of transport prtipcrlies. In the case 
of magnetic phase transitions there are for 
example the tools of inelastic neutron scatter- 
ing, electrical resistivity measurements, ther- 
mal conductivity and diffusivity experiments, 
ultrasonic propagation studies and NMR and 
EPR linewidth investigations. 

The purpose of this paper is to review the 
field of ultrasonic propagation and thermal 
conductivity near magnetic phase transitions 
and to add some new results of critical attenua- 
tion and of critical changes of sound velocity. 
We concentrate our study on magnetic crys- 
tals exhibiting second order phase transitions, 
although some cases will be mentioned where 
the magnetic transition is more complicated. 


‘Supported by the National Setente Foundation. 


It is now a well established factll-3| that 
equilibrium properties exhibit qualitatively 
and also quantitatively the same behavior near 
critical points for different phase transitions 
"I'his fact IS precisely brought out in the so- 
called scaling law theory (see Refs.[l] and 
12|) which stales that the various thermo- 
dynamic derivatives should depend only on 
one parameter, the so-called correlation length 
which measures the spatial extent of a 
fluctuation and which diverges on approach- 
ing Ihe critical point T,. 

On the other hand, transport properties are 
not expected to show such a universality. In 
fact, as will be also shown in this article, a 
precise knowledge of the interaction Hamil- 
tonian IS required This is actually to be expec- 
ted. since transport coefficients depend on 
transition rates which in turn depend sensi- 
tively on the matrix elements of the interac- 
tion. In the case of sound propagation near 
a magnetic phase transition the interaction 
Hamiltonian is the spin-phonon Hamiltonian. 

Before we proceed we would like to list the 
main results oFour study. 

( 1 ) The critical changes in sound velocity at 
magnetic phase transitions are frequency inde- 
pendent and have a rather weak temperature 
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dependenct; (logarithmic: 
a power law; (AK/K)^ - with the critical 
exponent { < 0-2). e being the reduced temp- 
erature €={T- J,.)IT, in agreement with 
theoretical predictions. 

(2) 7he critical changes in sound wave 
attenuation closely Follow a quadratic fre- 
quency dependence while the temperature 
dependence varies widely For different sub- 
stances. The variation of the critical exponent 
T) (o <i)h ” where tj should not be confused 
with the generalised Ornstein-Zernike 17) can 
be characterized by the following parameters: 
Spin structure (ferro or antiferromagnets), 
degree of magnetic anisotropy of the spin 
interaction and range of the exchange interac- 
tion. Tor example the critical attenuation of 
the heavy rare earth metals Cid. lb, Dy and 
Ho with rathei long range exchange interac- 
tions can be very well explained by present 
theiuies. while insulators such as RbMnF, 
and Mnl'i are still not saiisfaclorily accounted 
for. 

{}) In the case ol thermal conductivity 
there exist very few relevant experiments, but 
they seem to be explicable along (he same line 
as (he ultrasonic ariemuition. 

In the next section we give a short presenta- 
tion of the theories developed for these elfecis. 
After a brief survey of the experimental tech- 
niques we discuss the experimental results for 
the ultrasonic attenuation. After this we 
present and discuss (tie critical changes in 
sound velocity. These data will be for the most 
part new results. Finally w'e comment on 
thermal conductivity experiments and related 
topics. 

2. THKORY 

I'here have been a number of theories 
developed for the case of ultrasonic attenua- 
tion at magnetic phase transitions (7- 1 3]. We 
.shall review them by first discussing the spin- 
phonon coupling mechanism and by giving 
an expression for the critical attenuation 
coefficient. Then we discuss the theories by 
emphasizing the approximations made and 


their range of validity. Finally we mention the 
theory for the critical velocity change. 

(a) Coupling mechanism 

The spin-phonon interaction responsible 
for the critical effects arises in most cases via 
the strain modulation of the exchange inter- 
action (volume magnetostrictive coupling). We 
shall discuss cases where the coupling arises 
through other processes such as single ion 
effects. With volume magnetostrictive 
coupling the interaction Hamiltonian reads 
17, 14]: 

1.5 * 

’I*' )S, . S„ fi . (1) 

Here 8 is the vector connecting sites R, and 
(UliiS is the first Taylor expansion coeffi- 
cient of the exchange interaction ./(8), h,, and 
/),,t are the phonon operators, w,, the sound- 
wave frequency, M (he mass of the crystal, 
e„ the polarization vcctoi of (he sotind wave 
and Si the spin on site 1. It will be shown below 
that the critical sound attenuation experiments 
can be explained with this type of interaction. 
In particular we show that higher order terms 
in the phonon operators (scattering processes) 
need not be taken into account. 

(b) Expression for the critical attenuation 
coefficient 

By calculating the number of phonons with 
wavcvector q absorbed minus those (induced) 
emitted one finds for the attenuation coefficient 

X 

«[14]: o = 2 h(fi, S', ^)Jd/e“'e"' 

0 

<S,.S,,,S,(/).SH6d/)),.„ 

with 

h{U\q) = . e,)(5' . e,)(8 . q)(8' . q) 

(l-e'‘'“'"''’)(2<'MM''. (2) 
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Equation (2) shows that a is proportional to 
the space time Fourier Laplace transform of a 
four-spin correlation function. This result, 
the starting point of all further calculations, 
can also be derived with arguments from 
irreversible thermodynamics [7, 15]. As in the 
case of Brownian motion, the sound attenua- 
tion coefficient can be expressed as an inte- 
grated time dependent correlation function of 
random forces originating from the spin 
phonon interaction (1). With the random stre.ss 
(e = strain) equation (2) is 

readily obtained. 


correlation length and where t,, n> the charac- 
teristic decay time of the spin fluctuations. 
For an isotropic ferromagnct it has the form 
116) l/Tk = Dt- with D-spin diffusion 
coefficient. With equation (3) 

becomes, neglecting the sound wave vector q 
compared to A. 


a X 





(3) Approximation: oj « 1/t^. With this 
approximation the attenuation becomes finally 


(c) Conventional theories 

For the evaluation of the four-spin correlti- 
tion function the aforementioned theories can 
be divided into 2 groups, the so-called conven- 
tional theories [7- 10] and the improved 
theories due to Kawasaki [11] and l.aramore- 
Kadanofl'f 1 3 1. We outline below the main 
steps and assumptions of the conventional 
theories, which are rather transparent, and 
we indicate the improvements ( 1 1, 13] on 
these theories afterwards. We follow closely 
the arguments given by Kawasaki [ lOJ. 

The conventional theories make three 
approximations: 

(1) Factorization of the four-spin correla- 
tion function: for the paramagnetic region one 
is then left with products of two two-spin 
correlation functions: 

IX 

M'k „ 

„(!)) (3) 

where the two-spin correlation functions are 
Fourier transformed and B is the correspond- 
ing Fourier transform of h in equation (2). 
One expects this factorization to break down 
close to T, [8]. 

(2) Use of the hydrodynamic form for the 
two spin correlation function: Although one 
has a A-sum in equation (3) one assumes the 
hydrodynamic form {5];.5 _a.(/)) = (5',.5-,.)e'"’i.- 
which is valid only for Af < 1 with ( = 


where x i^^ the spin susceptibility, = ^ , 

and where we have indicated the depen- 
dence of « stemming from the linear q 
dependence of H,.„h (equation (I)). Any 
experimental evidence giving support to a 
(It- dependence of a will indicate that the 
(equation ( 1)) is sufficient and that one has not 
to go to higher order terms in the phonon 
variables (see Section 4). 

Liquation (4) indicates that the ‘critical 
slowing down' of the spin fluctuations] 16], 
1/t,., enhances the singularity in the attenua- 
tion, ft. This is a consequence of the third 
approximation which says that compared to 
the transit time of a sound wave the spin 
fluctuation decay lime is still much shorter 
despite the critical slowing down. 

Using the various expressions for r,.| 17, 18] 
one gels from equation (4) the temperature 
dependence oi critical exponent, -q. (a^u’t 
€ ^ reduced temperature) for the conventional 
theories shown in Table 1. Tani and Mon [7] 
evaluate the correlation function differently. 
We list their values separately. 

(d) Theories of Kanasaki and Laramore- 
Kadanoff 

The conventional theories tend to overesti- 
mate the effect of correlations. This can be 
shown, for example, by calculating the specific 
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Table I. Theoretical exponent tj for critical ultrasonic 
attenuation in ferro ( F j-and aniiferro (AF)-mai>nets 


Isolropic Anisotropic 
f AP h AK 

1 ani and M(iri(7| I I 

( onvcntionul theories 1 8' 10| i i i 

Kawasaki|l 1 1. 1 aramore-Kadanoffl |7| i 1 i ^ 

energy density cniiplinp 0 0 


heat using the above approximations; the 
tesiiil is(8| C x' *- In fdcl, as pointed out by 
BennettllQ], if one replaces correspondingly 
in equation (4) x'’' by C one gets 


which IS essentially the result of the improved 
iheonesi I I-13J. These theories, while retain- 
ing the third approximation and the hydrody- 
namic form of the spin lliictuiitions. manage to 
circumvent the first two approximations. 
Kawasaki 1 1 1 1 uses scaling law arguments to 
determine the four-spin time-independent 
correlation function, l.aramore and Kadanotf 
|13| use the mode-mode coupling theory of 
Kadiinofl'and Swift 120) to estimate the correla- 
tion function. I'he result of these calculations 
(equation (.s)) for the various cases can be 
found in Tabic I. 

It IS important to stress that the third 
approximation mentioned above is common to 
all these theories. Because t, diverges as one 
approaches T,., this condition will be violated 
as one gets close enough to T,.. We shall dwell 
on this particular point later on in Sections 4(b) 
and (d). 

(c) Coaplinf^ to ener^’y fluctuations 

An important variant of these theories 
outlined above occurs if the (I) is 

proportional to the exchange Hamiltonian, 
Hfj ; e.g. if in the corresponding expressions 


each individual term of is proportional 
to the corresponding term in //„. Here A is 
the amplitude of the sound wave, z, is the 
number of neighbors (R,) for a given site 0. 
z! is in general, however, different from z,. 
e.g. in general the sound wave couples only to 
part of the spin energy density. Two examples 
shall illustrate this (q = soundwave propaga- 
tion direction); (1) F.uO (zi = I2)Z2 = 6): 
q-( 1.0.0); z, = 8 .Z 2 = 2:(j = (),1.0): z; = 2-l-8 
(diflerent coupling strength). z,l = 4: q = 
(1. 1. I); z,’ = 6. z; = 6. (2) RbMnF;, (z, =6, 
z..= 12); q = (1.6.0): z,' = 2. z/ = 8. A = 

(1.1. 0) ; Zi' = 4. Z'/ = 2 -h 8 (different coupling 
strength), q = ( 1 . I . I ): z/ = 6, z.' = 6. 

So only in the case of propagation along the 

(1.1.1) direction for RbMnT.j and with the 
neglect of next nearest neighbor coupling, is 
the spin-phonon coupling truly a coupling to 
the energy density of the spin system. 

If this holds, then the attenuation is propor- 
tional to an energy-energy correlation function 
instead of a four-spin correlation function; 

rt„ w“|d(e"'" „(/) ) . (7) 

{) 

Now (E,E_,,(/)) = {F.,,E ,,)e with A = 
kIC = energy diffusion constant, k = spin 
thermal conductivity. In this case <? 1 
as well as oj s> (kinematical slowing down) 
is well obeyed so that 

(8) 


Hrx ~ 2tT,So . S/( 


(6) Hence the critical attenuation is directly 
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proportional to «, This fact was noted by 
various people [7, 13,21,22]. 

A factorization approximation type of 
calculation [23] and .scaling law arguments [24] 
show K to be nondivergent for an isotropic 
ferromagnet. For an isotropic antiferromagnet 
the situation is less clear. Two different appli- 
cations of scaling laws showed in one case k to 
be nondivergent [24] and in the other case [2.5] 
divergent as « A factorization type of 
calculation|26] again shows k to be nondiver- 
gent. The corresponding values for the critical 
attenuation exponent are listed in Table 1. 

(f) Critical chani’cs in sound velocity 

There exist, so far, three calculations [27- 29] 
of the change in sound velocity as one 
approaches 'l\. and they give the result 

y^-wr. (9) 

This result is valid independent of whether the 
material is ferro or antiferromagnetic, isotropic 
or anisotropic. The reason for this is the fact 
that the spin fluctuation relaxation time, r,., 
does not enter equation (9). One also notes 
that AF/F is frequency independent. 

Equation (9) can be obtained, in principle, 
by using second order perturbation theory to 
calculate the frequency shift of sound waves 
due to the spin phonon interaction. (1). 

Here we demonstrate how this result follows 
from a simple thermodynamic model[30, 31]; 
Consider the free energy to be composed of 
anelastic part and a magnetic part; F = 

+ Tf(TIT,] where B is the bulk modulus, e 
the strain and where the magnetic part .shall 
have the simple functional dependence shown. 
With T,.= T,.{F), the total rsothcrmal bulk 
modulus is Bi = y{F'FldV'^)r= B- 
{dTjdVfC,, where C,, = - T(a^F/f)F), and 
where we have neglected terms involving 
d'^TrldV'F The isothermal sound velocity is v = 
v,,- {vll2BT,){dT,WVC, (with i>„ = sound 
velocity far away from T,.) which is of 
the form of equation (9). In this model the 


adiabatic and isothermal sound velocities give 
the .same behavior close to T^, because[32] 
v„t = Vr-(TFFI2Cp)V',^() where /3 = differen- 
tial thermal expansion. 

In summary, the theories discussed above 
are capable of producing a variety of critical 
attenuation exponents, dependent on whether 
the material is ferro- or antiferromagnetic, 
isotropic or anisotropic and whether or not the 
sound wave couples to the energy density of 
the spin system (see Table 1). The velocity 
changes on the other hand are predicted to 
have no such variety. 

J. EXPERIMENTAL TECHNIQUES 

We shall discuss two types of experiments: 
ultrasonic attenuation and velocity measure- 
ments. 1 n both cases we employed a pulse-echo 
technique. 

For the attenuation measurements we meas- 
ured successive echo heights using a calibrated 
attenuator. This has advantages over ampli- 
tude measurements of a single echo in that it is 
relatively insensitive to electronic nonlinear- 
ity, instability and changes in the acoustic 
impedance of the bond material. To get the 
critical attenuation one has to subtract a 
background attenuation arising from other 
sources (anharmonic terms, imperfections, 
spurious geometric effects). This one can do 
by measuring the attenuation change far above 
the critical temperature and then extrapolating 
the background attenuation into the critical 
region. For the heavy rare earth metals with 
their similar elastic properties, one can test 
this extrapolation procedure by comparing 
the background attenuation of these samples 
in the same temperature range. One usually 
gets a good estimate for the background 
attenuation by measuring to e - 0- 1 above T,.. 
In MnFj we were forced to measure to much 
higher temperatures. A bad choice for the 
background attenuation may seriously affect 
the critical exponent tj. 

For the velocity measurements we used a 
phase comparison method[33] capable of 
detecting transit time changes to 1 part in I OF 
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Bond instabilities can seriously affect these 
measurements as was noticed in RbMnF;,. 
T he choice of the background velocity change 
is more ambiguous than in the attenuation 
case. One usually takes a linear extrapolation 
of the high temperature slope (21, 29, 341. 
However, since it turns out that the critical 
velocity changes usually have a much weaker 
dependence on temperature, the background 
choice is not so critical. A correction for the 
nonlinear thermal expansion is usually neces- 
sary to obtain the velocity changes from the 
transit time data. 

t or the thermometry, we used thermo- 
couples or germanium resistors. The tempera- 
ture resolution with thermocouples was about 
20 mdeg and with germanium resistors about 
I mdeg. Cireat care was usually taken to ensure 
theimal cc|uilibi'ium conditions and small 
thermal gradients (measured with differential 
thermocouples). 

4. KXPKRIMENTAI. RESIII.TS AND DISCUSSION 

We start with a discussion of the spin- 
phonon coupling mechanism, then present the 
critical sound attenuation and then discuss 
the critical changes in sound velocity. F'lnally 
we review the thermal conductivity experi- 
ments. 

(a) Coupling nice heinism 

In previous publications 13.3, 36 1 we have 
shown that the coupling mechanism respon- 
sible for critical attenuation is of volume 
magnelostriclive nature. This we did by 
demonstrating that shear waves only exper- 
ience critical behavior for propagation in ofl- 
symmetry directions. In such directions a 
shear wave always has longitudinal compon- 
ents. This result is compatible with the form 
of the spin phonon interaction Hamiltonian 
of equation (1). Physically it means that the 
change in length of the vector connecting the 
two spin sites is of first order in the strain for 
a longitudinal wave, but of second order in the 
strain for a shear wave propagating along a 


symmetry axis. One can estimate the coupling 
strengths for the volume magnetostrictive 
coupling from the pressure dependence of the 
Curie temperature, or from forced magneto- 
striction experiments, or from the anomalous 
thermal expansion effect; and for the linear 
magnetostrictive coupling, from linear mag- 
netostriction experiments. 

There are some cases where shear waves 
propagating along symmetry directions ex- 
perience critical behavior, because the linear 
magnetostrictive (single ion) coupling cons- 
tants are rather large: Dy[36. IS] and CoO 
137], ('r[lSt|, as an itinerant antiferromagnet, 
IS a special case. They will be discussed below. 
Coupling constants for the various materials, 
normalized to reduce magnetization, are 
shown in Table 2. 

(b) Critical attcmuitioii 

We classify the investigated materials into 
4 categories: (I) rare earth metals (2) ideal 
Heisenberg ferro- and antiferromagnets (3) 
other insulators (4) itinerant magnets. 

( I ) Rare earth mvtals. The heavy rare earth 
metals are known [38J to have localized mag- 
netic moments composed of the 4/' electrons 
and to have a long range exchange interaction 
via conduction electrons. This long range 
interaction, together with considerable single 
ion magnetocrystalline anisotropies, is respon- 
sible for the complicated spin structures 
found in these materials in the ordered stale. 

In previous publications[35, 36| we have 
shown extensive measurements of these 
materials. Here we would like to add two im- 
prn lanl results: (a) We have measured another 
Dy-sample (DyB) of different origin than 
the Dy A (Table 2) and have found the same 
critical exponent as for Dy A. The roll off 
region due to impurities [36] in Dy B was 
slightly different from the one in Dy rl, but 
did nut affect the power law region, (b) From 
magnetoelastic studies [39J in our Gd I sample 
[35] we noticed a strange anisotropy behavior 
of this crystal. Subsequent measurements on a 
new crystal Gd2 gave a critical exponent of 
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Table 2. Various physical properties of the crystals 



Miilcn.d 
origin III' 
uUr Cl ysl.ds 


Aiiisi>ln»py 
parameter a 

Coupling cons lit 111 
(norinali/.cd to 

1 educed 
m.igiieli/iilion) 
tflw'.ir 

1 ItV’erg/cc) 

Sound vcloeitie.'. 
along 1001 ) ul 
3()()“K 

'/ 

1 1 1)’’ cm/ see) 

(id 1 

IBM 

2‘)0 4 





(idll 

o-ciyMaK 

2'JO 1 

s 10 ' 

OtKM) 

20 

2 0 I'O 

Tb 

Mcliih Rcsciirch 

227-6 

-04 

7S00 

I2S0 

2 0 1-6 

Dv A 

IBM 

I77-.7 








-0 7 

6000 

1440 

2 OS 17 

Dv It 

Mcliils RcsciiKti 

177 0 





Ho 

IBM 

172. 1 


2200 

460 

2 OS 17 

FuO 

IBM 

OV-d 

4- 10 ' 

27(K1 

40 

4-6 2 7 

KbMnF, 

IBM 

S7 

S 10 '■ 


0 2 


Mnl , 

Opiovuc Ini. 

67-3 

3 10 - 

1300 


6 2S 2'» 

Ich. 



06 




CoO 


2X‘) .3 


3(M)0 

2000 







40000 







llong) 


Ni 


6.30 





Cl 

McUiK RcsCiiuh 

.311 




6 6 3 S 


7}— 1'6 compared to tj = 1'2 for Gd 1 (see 
Fig. I). 

■['he long range naliire of the exchange 
mtei'acti<m|381 makes these rare earth metals 



Fiti. 1 Temperature dependenee of cntieal longitudinal 
ultiasonie attenuLition in Od 2 along i-axis V. 10 MFI/ 
It, ^ I 70): ), 70 Mil/ h, ----- I fi:i. •. ‘>0 \1H/ li) I•(l3). 
0,70MII/O)=^ I '7) 


good candidates for a description by the 
Kawasaki, l.aramore-Kadanoff theories! II- 
131 discussed in Section 2(d). From Table 3 
we see that for these materials ri lies between 
1-0 and l b; the same range as the theories 
predict. One can go even further in compar- 
ing theory and experiment by classifying these 
materials according to the anisotropy para- 
meler, al4()| (Table 2). 0 = 5.10 '* for Gd 
makes Gd an isotropic substance in the e- 
range considered. Therefore, rj = 1’6 for Gd 
2 fits nicely with theoretical predictions. The 
case of l)y, Tb and Ho requires special atten- 
tion foi the following reason: The strong uni- 
axial anisotropy in these crystals (Table 2) 
forces the spins to lie in the hexagonal plane. 
With no hexagonal anisotropy present, the 
spin dynamics in this case is equivalent to the 
isotropic Heisenberg anliferromagnetl41]. 
However, Tb and Dy have significant hexa- 
gonal anisotropies. For Tb at T = 0 the spin- 
wave enei^y gap A= 

= lO'"’ G. which IS very large. Therefore, one 
can classify Tb and Dy as anisotropic mater- 
ials. The exponent y of 1-24 and 1'37 for these 
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Jilhic 3, Comparison of experimental and theoretical critical 
exponents 
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0-42 
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014-0 16 

1531. this work 
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4 in > 

1 4 

1.581 

1 4 

( 1 

4 10 

' i 1(1 -■ 

4 24 i 0 6 

Ihis Work 





1-77 -•no (shear) 



two materials then lies very close to the theore- 
tically predicted one of ■\. The case of Ho is 
not clear at present due to lack of sufficient 
experimental information. We tentatively 
classify it as a borderline case between iso- 
tropic and anisotropic [36, 18). The exponent 
7}-l () for Ho compares favorably with 
theoretical predictions for an isotropic anti- 
ferromagnet. 

Additional evidence that these rare earth 
metals can be well described by theory, has 
been given by l.aramore and Kadanoff[13| 
who calculated the absolute magnitude of the 
critical attenuation using known coupling 
constants. Their agreement with experiment 
1 36 1 is surprisingly good, indicating that for 
the rare earth metals not only the temperature 
and frequency dependence, but also the mag- 
nitude of the effect is well understood. 

The observed roll off in critical attenuation 
close to V\ in these materials [36] is believed 
to be an impurity effect and not a breakdown 
of conditions such as wt,. « 1 (Section 2 (c), 
(d)) or <s I, which would show a marked 
frequency dependence contrary to observa- 
tions (see Section 4(d)). 

Critical shear wave attenuation: In Dy we 
also observed shear wave critical attenuation 
along the (-axis[36J. In this case the spin 


phonon coupling is of linear magnetostrictive 
(single-ion type) character. I he particular 
form of the interaction Hamiltonian and a 
conventional type of theory for this case was 
discussed elsewhere] 18], 'I'he result of this 
study was that one can simultaneously explain 
semiquanlitatively both the different critical 
exponent (Table 3) and the smaller effect 
compared to the corresponding longitudinal 
attenuation. 

(2) Ideal Hvisenherg ferro- and aniiferro- 
magnets. CuO[42] and RbMnF:,[43] are good 
examples of ideal Heisenberg ferro- and anti- 
ferromagnets. The range of the exchange 
interaction is predominantly only nearest 
neighbor and the anisotropy factor a is small 
(Table 2). 

EaO. In EuO no evidence for critical atten- 
uation was found [21, 44] both for longitudinal 
and shear waves along (100) and (110) 
crystallographic directions for the frequency 
range 10-200 Mc/sec. Instead, what one finds 
is a sharp increase in attenuation below T^. 
This attenuation can be removed with the 
application of a moderate magnetic field [44], 
indicating that this increase is due to sound 
wave-domain wall interactions. From coup- 
ling constant considerations (Table 2), a 
noticeable critical attenuation effect should be 
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observable for the measured frequency range 

[ 21 ]. 

The absence of any noticeable critical atten- 
uation was explained with the coupling of the 
soundwave to the energy density of the spin 
system |2 1 j. as explained in Section 2te). As 
noticed there , ^ r., for any symmetry direc- 
tion in EuO. Therefore, the sound wave spin 
energy density coupling is not complete, 
although this may result only in a reduction 
factor for equivalent sites and nearest neigh- 
bor coupling only. The additional experimental 
evidence to support this conjecture, namely 
the proportionality between the magnetic 
specific heat C and the differential thermal 
expansion j3, has been checked only for 
|T-7,.| > 5°K, a region where the Pippard 
relations [45] still seem to hold. Due to the 
approximate nature of this sound wave energy 
density coupling in EuO, we expect the 
occurrence of critical attenuation at higher 
frequencies; a search for it was started in our 
laboratory. 

RhMnFy ( onlrary to EuO, antiferromag- 
netic RbMnI I has been shown to exhibit a 
clear critical attenuation effect [46, 47] with a 
critical exponent t/ - O .l In Fig. 2 we show 
results from our study of a (111) oriented 
single crystal [48] for the frequency range 



Fig. 2. Temperature dependence of critical longitudinal 
ultrasonic attenuation in RbMnl , along a 1 1 1 l)-direction. 
•. 70 MH? lr)-0-28); -I-, 1 10 MHz It, - IF:7|; 0, ISO 
MHz. ( 7 ) -()'2X); X, 2.WMH7 (t, -OTR), -■-■Golding's 
I SO MHz result fori I0ll)-direction 


70-230 MHz. Included in the figure for com- 
parison is Golding’s result for 150 MHz. 
From the results, one can clearly see two 
power law regions with corresponding critical 
exponents: tj = 0-28 for e < 4 . 10 - and rj = 
0-7 for « ,> 4 . 10 -. It should be emphasized 
that the high temperature power law exponent 
has a somewhat larger error due to the sensi- 
tive background attenuation correction. In 
both regions o follows closely a tu'^-law. Such 
a two power law region has been ob.served in 
other substances as well: MnF^ and CoO to 
be discussed below, but not in the rare earth 
metals. 

There have been several suggestions to 
explain both the critical exponent t, = 0-3 and 
the break in power law fore - 4 . 10^^ 

We have already discussed in Section 2e the 
diverging views [24-26] with regard to the 
effect of a sound wave-energy density coup- 
ling in an isotropic antiferromagnet. It should 
be pointed out again that for sound propaga- 
tion along a (111) direction in RbMnF;, the 
sound wave-energy density coupling is com- 
plete if only the nearest neighbor interaction is 
important, l-urlher theoretical work is needed 
to clear up whether rj = 0 or .] in this case. 

Other attempts to explain the experimental 
results have included spin-lattice [49] or 
spin energy-lattice relaxation[22J terms. The 
idea is that whereas the critical spin relaxation 
time is temperature dependent r,. ‘ “ u^e. the 
spin lattice relaxation time t,. is only weakly 
or not dependent on e. Therefore, each relaxa- 
tion process dominates in a different e-region. 
In this way one could account in principle for 
the two power law regions as well as for the 
two critical exponents. I or the Mn^'^-ion 
typically t/ 10 "sec. so with r,. ' 10'‘t 

the crossover region €„ ' 10 ■* is too small. In 
addition, it is not clear how quantitatively the 
two values t) = 0'3 and 0-7 would follow, 
although precisely such values are stated in 
Ref. [49). , 

Another relaxation mechanism, coupling of 
the spin motion to the F'" nuclear spin 
system, again did not give the correct order 
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of magnitude for the break in the power law 
region and had to be discarded 1 1 3|. 

In summary it seems that further work is 
needed to completely explain these interesting 
phenomena (see also Section 4 d). 

From Fig. 2 we deduce fore < 4 . l()'^(a„,/ 

Oioii) ~ 2'b. 

(c) Oilin' in.siilaion. FIcrc we discuss the 
results on Mnf 1 eF_. CoO. Since these 
substances have quite different anisotropy 
factors and coupling constants, we discuss 
them separately. 

MhI'\. The first evidence |.‘i0| of critical 
attenuation was found in MnF,. Subsequently 
it was investigated at different places 1 18, 51, 
52, 5.^|, Kelow we show some of our results. 
Figure ^ gives the total attenuation vs. 
temperature for various frequencies along the 
( -axis. In Fig. 4 wc show the critical attenua- 
tion deduced from I ig. ^ in ;t power law plot. 
We noticed that in order to estimate the back- 
ground attenuation correctly we had to meas- 
ure more than 4()"K above the Neel point. 



6 


3 



t ig. 3. Attenuation of sound in Mnt-.; along I001)-dircc- 
lion. r. 1.5 MHz, -I-, 30 MHz: •. 50 MHz; 0, 70 MHz. 


This may explain the lower critical exponent 
deduced from this experiment [18, 53] com- 
pared to some reported [5 1,52] higher ones. 
What can be seen clearly from Fig. 4 is a 
break in the power law. similar to the one found 
in RbMnF:,, but now for e = 0T. Similar 
behavior can be seen in the results of Ref. 153]. 
The frequency dependence of the critical 
attenuation turns out to be w' ", still close 
enough to to warrant a quadratic frequency 
dependence. lkushima|53| shows similar 
results, except his frequency dependence is 
w"-. 

From Table 3 one secs that the most reli- 
able values for the critical exponents close to 
T, arc T) = 0- 13-0- 16 for different propagation 
directions. These values are much smaller 
than any theoretical predictions. For e > 0- 1 , 
T) i. The anisotropy parameter, u = 3 . I0‘ ^ 
(Table 2) for this material, suggests that it is 
a border line case between isotropic and anistv 
tropic for the «-range considered. Although 
one cannot explain at present the critical 
exponent tj. it seems that the anisotropy of 
both the critical attenuation and critical 
velocity changes are fairly well understood 
|29,53| by assuming different coupling con- 
stants for different propagation directions. 

F<'h.,. This material has the same crystal 
and magnetic structure as MnF.,,, but the mag- 
nctocrystalline anisotropy is much larger than 
in MnF;, (Fc^^ has a large single ion in aniso- 
tropy. Table 2), This makes it an attractive 
substance to test the theory for anisotropic 
materials. Ikushima'sl54| result of tj = 0-75 
for longitudinal waves, although quite a bit 
larger than say MnFj, is not in agreement with 
the theoretical predictions r/= |. The large 
single ion anisotropy of this substance 
suggests that single ion magnetoelastic 
coupling may perhaps be non-negligible 
compared to the volume magnetostrictive 
coupling. For longitudinal attenuation along 
the c-axis, these 2 mechanisms should give, 
however, the same type of singularity theore- 
tically. 

CoO. In CoO lkushimal37| found a slightly 
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l ig. 4. Temperature dependence of entieal longitudinal ultrasonic 
attenuation in MnEj(OOI). T, 13 MHz Irj = 0 I40); +, 30 MHz(t|- 
0- 151); •. 50 MHz (tj = 0 B6); O. 70 MHz t^ - 0 142); T, 00 MHz 
l>, = 0B6). 


stronger critical effect for shear waves than 
for longitudinal ones. The frequency depend- 
ence was approximately linear. The results 
indicate, again, two power law regions, 

CoO exhibits a cubic tetragonal crystallo- 
graphic transformation at the para-antiferro- 
magnctic phase transition. In addition, the 
spin structure in the ordered state is a multi 
spin axis antiferromagnet(5.‘i|. According to 
Kanamorii.S.SI (Table 2) the linear magneto- 
elastic coupling constants are of the same 
order or even larger than the volume magneto- 
strictive one. One consequence is that shear 
waves must exhibit a critical attenuation effect 
as observed. It is clear that CoO with these 
peculiar properties is not a good candidate for 
description by the idealized models. 

The same remark applies to the case of 
EuSc, which also exhibits strange magneto- 
elastic properties at the phase transition (56). 
EuSe is believed to have a first order phase 
transition to a complicated spin structure at 
7\ =4'6“K|57|, 

(4) Itinerant ferro- and antifenvntannels. 
We discuss briefly critical attenuation results 
for Ni and Cr. 

In Nickel, critical effects on sound propaga- 
tion have been observed [.'(8|. In the tempera- 
ture region where the condition wt,. < 1 is 
fulfilled (see Section 2(d)), the power law 
exponent was r; = 1 -4 in rather good agree- 


ment with the Kawasaki and Laramore- 
Kadanoff theories. It should be emphasized 
that in Ni the range ofthe exchange interaction 
is longer than in any of the insulators. In 
addition, in Ni, due to its high T,. and high 
purity, it was possible to measure close enough 
to T,. so that the condition wt < 1 broke down. 
The measurements showed a frequency 
dependent transition to this region where the 
attenuation and velocity extremas showed a 
marked frequency dependence [58J. 

In Cr we studied a single crystal of moderate 
purity (electrical resistance ratio of 300). 
f igures .3 and 6 show power law plots of ultra- 
sonic critical attenuation for longitudinal and 
shear waves with propagation direction along 
a (1 10) axis. They yield quite unusually large 
effects with t), = 4-24 and t)<(i=I' 77. From 
the results in these tw'o figures it follows that 
equally good fits would probably have been 
possible for temperature-dependences other 
than a power law dependence. It should be 
emphasized that we found a quadratic fre- 
quency dependence for both longitudinal and 
shear critical attenuation and not a linear one 
as reported in the literature 159]. 

Theoretically, critical sound attenuation for 
itinerant magnets has just started to be calcula- 
ted |60]. In view of the special nature of the 
magnetic behavior of Cr. especially its phase 
transition of the first order[61,62].no attempt 



B I I'THI, T J. MORAN and R. J. POI LINA 




1 T.T„ M 10 


I If.' ' f L'lnin'iMliiK' ik'pi:iuk'nco ol Liiliial kmgiiuilin.il 
iillMsorin. .nuniiiilu'ii in ( 1 1 1 |0| 1 . 31) MU/ ir; 4 24). 
l).70MU/ir( 4 2(1). .IM)MII/it) 4-2k) 


\ 



04 T-T.I'K] 1-0 10 


kig 6. I empcratiire dependence of shear ultrasound in 
('r (110). V, 14 MHz (tj - l-yfi); +, 30 MHz (t)= 1-77), 
•,.‘iOMHz(r(= L7h;D, 130 MHz (r/ = 1-77). 


is made here to analyze and interpret our data. 

(.^) Attenuation helow the critieal point. 
Very little information is available on the 
critical attenuation in the ordered region. The 
formation of domains seriously interferes with 
the critical attenuation and pre.sents another 
attenuation mechanism for sound waves via 
domain wall interactions. In certain cases, 
such as for the r-direction propagation in 
MnF.,, this effect should be rather small. 
Our measured critical exponent for the atten- 
uation in this case is tj = O'O.S compared to 
T), - 0 15 above 7\. It is usually found that 
7j < Tj,. No theory has been developed for 
this case yet. 

In summary, we can conclude that critical 
sound attenuation is well understood for the 
rare earth metals. I'he insulators are much less 
well undeistood, mainly bectiuse their short 
range spin interaction permits other forms of 
spin phonon coupling such as phonon-spin 
energy density. In tiddition it seems that other 
rehixation mechanisms have to be taken into 
consideration thtin just the critical relaxation 
of spin and energy nucluations. 

(c) ('ru/cu/ ( /um.c'c.v in \onnil relocily 

Although there have been several indica- 
tions of critical velocity changes near 7', 
(2 1 , 46, 6.1, 641, a quantitative test of equation 
(9). such as frequency and temperature 
dependence has been carried out only recently 
1 29. ?4|, Here we would like to discuss these 
results and present more experimental results 
for RbMnf , and the rare earth metals Cld, Tb. 
Dy and Ho. 

(1) RbMnF:,. In KbMnI',) we encountered 
experimental problems due to bond breaks as 
discussed in .Section .^[48|. The scatter of the 
experimental results in big. 7 is due to this 
cause. Nevertheless, within the error limit, 
the critical velocity change is frequency inde- 
pendent as shown previously for Dyl341. The 
minimum in the velocity change occurred, 
within the temperature resolution of 10 mdeg, 
at the same temperature as the attenuation 
maximum. Figure 8 shows a semilog plot 
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taken from Ihe data of fig. 7 with a linear 
background correction, as in the case of FuO 
[2 1 1. The semilog plot of Fig. 8 is obeyed for 2 
decades in the reduced temperature, indicating 
a rather nice agreement with the theoretical 
prediction of equation (9). from our results 
and the ones of Ref. |641, we get an anisotropy 



(2) Mnh'-,. In Mnf. there exist measure- 


« 

f 

V 


— Hi ' ' ' ' ' 

, [“Kj 12 IB 

n RbMnF.llll) '•, 30 Mil/,#, 

1. 70 MH/ 

ments of critical velocity changes for different 
crystallographic directions, performed on the 
same crystal|2y|. The results again show u 
frequency independent temperature variation. 
The critical exponent for Ihe velocity changes 
IS 0-12. small enough to compare favorably 
with theoretical predictions (equation (9)). In 
addition, the anisotropy observed in the velo- 
city change could be explained m the same 
manner as that observed for the attenuation 
[53 1. 

The case of FuO we discuss in .Section 4(e). 

(3) Rare earth metals. I or the rare earth 
metals Gd, Tb. Dy and Ho we found the ve- 
locity minimum consistently at a smaller tem- 
perature than the attenuation maximum us 
shown, for example, in fig, 9 for Ho. I he 
insert in fig. 9 shows that at 7\ (attenuation 
peak) the velocity curve changes slope, indica- 
ting that the attenuation maximum must be 
regarded as the critical point, a procedure we 
followed in the evaluation of our results. The 
differences between and the velocity mini- 
ma are TK for Gd II, ()-17°K for Dy B and 
0-9°K for Ho. A similar behavior was ob- 
served before in lVlnTe[631. Figure 10 shows 
a semilog plot for the rare earth metals. The 
backgrounds were estimated again as linear 
extrapolations from the higher temperature 
slopes as in fig. 9. Thermal expansion 
corrections were also applied and amounted to 
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h)j 4 ( haiiijt's in sound vclocily I'oi inic cailh intlals 
(lOiiccIcd tor Iticrniiil cspiinsiont Ho; t, I)y; A. Tb 
I he inset is an expanded plot of the ve'loeily ehange near 
I in Ho 

it change of 5 per cent, l igure 10 shows that a 
logarithmic tempeniture dependence is well 
obeyed in these substances, with e ranges 
similar to the ones for the attenuation (361. 

(d) Ri’lu.uition nme for spin jhiciiitilions 
It was pointed outl2X,29| that the ratio of 
the critical velocity changes to the critical 
attenuation gives the relaxation rate or the 
sum of relaxation rates if more than one 
relaxation mechanism is present. Equations 
t.'i) and |9) give 

1 ar‘AE/E„ 

“=^-77 tIO) 

T r II O' 

Equation (10) was tested with reasonable 
success for Dy [34], 

First we use this relation to verify that the 
third approximation (07^^ 1 , common to all 
the ultrasonic attenuation theories involving 
sound-spin fluctuation coupling (see Section 
2(c) and (d)), is well obeyed for the rare earth 



tig. 10 Temperature dependenee of eritieal velocity 
changes llinear baelsground subtracted) x. Hu, ' (id; 
I . Oy; #.1 b t Arbitrary origin for the veloeiiy scale) 


metals. We choose for each metal the tempera- 
ture where the impurity induced roll oflF in 
attenuation begins and the power law region 
ends, because this is the temperature region 
most likely to alfcet this condition. Defining 

as Zjre'T = 1, we get for Gd 11: e = 3 . 1()' '\ 
i/ = 300IVlHz; Tb: e = 8.IO^ r’=IIOO 
MHz; Dy: € =■■ 2'.3 . lO'". i/ = 2100 MHz; 
Ho: e = 3 . 10' i/ = 600 MHz. So the result 
is that the condition is still fulfilled to a good 
degree for the frequency range measured and 
that the interpretation of the rolling off region 
.as an impurity effect, valid. 

■Secondly, relation (10) can be used to 
analyze the less well understood cases such 
as RbMnF., and MnFj: In RbMnFj.from Fig. 
2 and fig. 8 we get for the smallest e = 4 , 10' ‘ 
ai'' = 400 MHz. To test a possible violation of 
the condition m < \. for example, a check on 
the frequency dependence of the critical atten- 
uation is worthwhile. As shown in Fig. 2 there 
are no indications of such a violation up to 
230 MHz, for which m ~ 0-6. Note that no 
such condition would occur if the coupling of 
the .sound would be to the energy density of 
the spin system (see Section 2(e)). 

Even more stringent is the condition for 
MnFJ29] where for e = 10-^ u’ = 60 MHz. 
Again, however, an approximate oj^-law for 
the attenuation is still observed. 
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The first clear experimental evidence of 
sound propagation in a region where car < 1 
no longer holds was given for Nickel [58], as 
discussed in Section 4(b4). 

The conclusion of this Section is that while 
the rare earth metals are well described by the 
Kawasaki and l.aramore-Kadanoff theories, 
this is not the case for the insulating antiferro- 
magnets, RbMnF., and MnF^. The persistence 
of an ( 0 - law in the attenuation, despite the 
violation of wt 1 , suggests strongly that the 
coupling mechanism involves, at least in part. 
coupling to the spin energy density [22, 29, 53]. 

(e) Sound ndocities in an applied magnetic 
field 

Preliminary data on the effect of a magnetic 
field on the changes in velocity near the mag- 
netic phase transition are given in Fig. 11. 
Here is plotted the relative change for a 10 
kOe field v(HJ)-v{O.T)lv(OJ) vs. T-Ts- 
Similar results for higher fields were ob- 
tained. Surprisingly enough, these changes 
are for the most part still negative changes and 
only close to 7,(€ ^ O'l) does one notice a 
positive trend indicating a suppression of 
critical fluctuations. In order to understand 
these results one has to take recourse to a 
more general interaction Flamiltonian than 


equation (1) which we write in a less detailed 
way: 

= + ( 11 ) 
tj ij 

where we write simply the strain e for the 
phonon variables. The first term in (11) was 
responsible for the effects of critical attenua- 
tion and critical velocity changes in zero field. 
The second term was not included for the 
critical attenuation because it would lead to a 
0 )' attenuation dependence not observed in the 
experiment (see Section 4(b)) and it was not 
included for the critical velocity changes 
because it would not exhibit any divergence 
|27,29]. In the presence of a magnetic field, 
however, this second term gives a contribu- 
tion proportional to a dependence observ- 
ed by the results shown in Fig. 1 1 fore '' 01 
|39|. The first term gives a contribution pro- 
portional to a dependence only observed 
for Holmium for e = 0 05[39J. Depending on 
the magnitude of DVlDe-. the critical suppres- 
sion for € < 0-1 is more or less pronounced. 
The biggest effect can be seen for Gd and 
only an indication of it for EuO ( Fig. 1 2). The 
critical suppression of the sound velocity 
change, seen for e < 01. means a suppression 



tig. 1 1 Difference in Ihe longiludinal Mitind velocity at 10 KOe 
Irom that at 0 field. |i)(10kOe, T)-iiO. 7)l/l''(0, 7) as a furclion 
of temperature. O. (id; •. Tb; -t, Dy, v. Ho The veloeilies are not 
corrected for magnetostrictive length changes which amount to i a 
5 per cent of the change at each temperature 
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li(; 12 ( Mlical change in sinind velocity in fcuO with constant 
applied magnetic held ' // = 0k()e, •, W = fik()c; x. H= 18 

kOe The data has been corrected lor held dependent thermal 
expansion I sec text) 


of the spccilic heat C in a magnetic field 
according to equation (9). It is well known that 
measurements of specific heal near 7,. only 
give a suppression of C close to hut an 
increase farther out|3 1 , 65, 66|. This addi- 
tional effect IS superimposed on the effect 
described above of ri'-.Z/de*. It is particularly 
important for EuO. 

In Mg. 12 we show velocity changes for 
// - 0-6 and I8k()c for EuO. The 77 ~0 
curve is the same as in Ref. (21). Field 
dependent thermal expansion corrections! 66 1 
were tipplied. from Ihis figure one can notice 
again an H--depcndence foi T~T\ ■ .‘i°K;ind 
a weakei dependence closer to I'hat we 
do not see a more clear cut suppression of 
crilical fluctuiilions in Ihis case has again to 
do with the particular dependence of Cl//) 
(see the analogous /J(//)-dependence for the 
differential thermal expansion for the same 
fields in Ref.[66|). Finally, Fig. 13 shows 
velocity changes ;is a function of magnetic- 
field near /',.. The pronounced dip at 1 kOe in 
the ordered region is a ralher interesting do- 
main wall effect. Its suppression at 7 = 69-4 
gives a more accurate determination of /', 
than the onset of attenuation did [2 1 . 44 1. 

So this magnetic field dependence of the 
velocity changes in the paramagnetic region 
exhibits a number of interesting effects which 
one can describe qualitatively. Analogous 



I in n Detciminution of 7 , in KuO from isotherms of 
Vi-locily chiinnos ;is ,i funclion of magnetii: field. D-by. 6“K 
•. W-4'K. A. W'V'K; A. hV-rK. X, fi8'9"K T, = 6V-4 

n rK 

measurements for the critical attenuation are 
in progress in our laboratory. 

<0 Thermal coiidiiclivily experiments 
Thermal conductivity experiments and 
ultrasonic attenuation experiments are closely 
related. In fact, in the expression for the 
thermal conductivity [14], k = part 

of the relaxation rate 1/r, is directly related to 
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the critical sound wave attenuation, 1 /t,/ = 
a^v (t) = sound velocity). Thus taking all the 
other possible scattering mechanisms into 
account, a simple (jr-integration gives k{T). 
This simple relationship is true as long as T,. < 
Oi) = Debye temperature; e.g. as long as ca = 
vq is a good approximation for the thermal 
phonon. 

Theoretically, in the case of thermal con- 
ductivity, only the phonon-spin energy density 
coupling (Section 2(e)) was considered and 
since the lowest order process does not give a 
singularity, higher order processes had to be 
taken into account! 14, 67|. But, of course, 
the more general phonon-spin coupling (Sec- 
tion 2) gives an effect in lowest order as in the 
ultrasonic attenuation and has to be con- 
sidered as well 

A number of experiments have been per- 
formed which gave an effect, namely, a dip in 
thermal conductivity in the vicinity of the 
magnetic phase transition. We mention here 
some eases where the condition T, is 
met to a high degree: A'|be(C’N)„|68| (7\-= 
0-I.TK) and CuK.CI, . 2H,0169| (7, = 

0'88“K). In the latter substance a critical 
scattering rate of ' • accounted for 

the critical dip in thermal conductivity quan- 
titatively, It is interesting to note that it is 
rather close to the expression used to explain 
critical scattering of sound in rare earth metals. 
A sufficiently large applied field removed the 
critical dip. 

There arc a number of other magnetic sub- 
stances which exhibit a similar kind of 
phenomenon; however, the condition 7V « 0 
is no longer met very well and we will not 
discuss them here. 

5. CONCl.tl.SION 

In this paper we have shown that, whereas 
the critical changes in sound velocity show a 
uniform behavior, namely a frequency inde- 
pendent weak temperature dependence in 
agreement with theory, the critical changes in 
sound attenuation show quite different beha- 
vior for different materials. 


One class of materials, the rare earth metals 
with their long range spin interaction, nicely 
follow theoretical predictions. The same seems 
to be true for Nickel. EuO was explained with 
a coupling of the sound wave to the energy 
density of the spin system. RbMnr,,, Mni , 
and I cl . are not yet understood. A competi- 
tion between energy density coupling and the 
usual spin coupling or spin phonon relaxation 
mechanism may explain the small critical 
exponents for the attenuation. 

A given sample can thus be characterized 
by the following parameters: ( 1 ) spin structure 
(ferro- or antifcrromagnelic); (2) magnetic 
anisotropy; (.7) range of exchange interaction 
(possibility ol phonon spin energy density 
coupling). 


It hufu'li’tti’ftnt’tn -Wt: have hcnetillcd tri)m dist ussions 
with niimcriHis people Dr M Shafer pinvidcd ns with 
m.iny single eiyslals used m this resenreh 
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ULTRASONIC ATTENUATION NEAR THE LAMBDA 
TRANSITION IN NH^CI AT HIGH PRESSURES* 

C. W. GARLAND and D. D. SNYDER 
Department of Chemistry and Center for Materials Science and Engineering. 
Massachusetts Institute of Technology. Cambridge. Mass. 02 139. U.S.A, 

[Rn eivedS Siplemher 1969) 

Abstract— I he attenuation eoetficient a of longitudinal ultrasonic waves propagating in the (100) 
direction of NHjCI has been measured as a function of both temperature and pressure in the vicinity 
of the lambda line. F oi seven different temperatures between 24I-270“K measurements were earned 
out at 1 0, 20 and 30 MH z as the pressure was varied from I to 3500 bar l.ines of constant attenuation 
lie parallel to the lambda line in the ordered phase; however, such lines of constant attenuation in 
the disordered phase converge toward the lambda line as the pressure is increased. In both phases. 


isoharic values of a vary like |7'— 7,.(/>)|"‘ u 
lempeialiire at pressure p. 

1. INTRODUCTION 

T HE LAMBDA transition in ammonium chloride 
is well established as an order-disorder transi- 
tion involving the relative orientations of 
the NH|' ions in a CsCI-type cubic structure 
[1]. In the ordered phase all the NH,' ions 
are oriented ‘p^raller to each other, while 
in the disordered phase they arc randomly 
distributed with respect to two equivalent 
orientations. Thus the ordering in NH^CI 
is directly analogous to spin ordering in a 
simple-cubic ferromagnet. 

Both the ultrasonic velocity and attenuation 
are ‘anomalous’ near this transition, although 
the only quantitative high-pressure work has 
been concerned with velocity measurements. 
Garland and Renard[2] used the pulse- 
superposition method to determine both 
longitudinal and shear velocities at 20 MHz 
over a wide range of temperature and pressure. 
Shear waves exhibited a distinct step-like 
velocity anomaly but gave no indication of 
unusual attenuation. These shear data thus 
provide an accurate indication of the pressure 
dependence of the transition temperature. In 


♦This work was supported in part by the Advanced 
Research Projects Agency and m part by the National 
Science Foundation, and in part by Ihe Joint Services 
Electronics Program under Contract DA28-043-AMC- 
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lar the lambda line, where Tyip) is the transition 

contrast, longttudinal waves showed a very 
sharp velocity minimum and were strongly 
attenuated near the lambda transition All 
the velocity anomalies become less pro- 
nounced as the lambda line is crossed at 
higher and higher pressures. 

There have been three investigations of 
the attenuation of [100] longitudinal waves 
at one atmosphere [3-5]. The most detailed 
of these is by Garland and Yarnell[4] and 
indicates the presence of first-order instability 
and hysteresis very close to T*. The present 
work involves a study of the longitudinal 
acoustic atlentuation as a function of pressure 
up to 3-5kbur at various constant tempera- 
tures between 235-280°K. This will allow 
us to define the temperature and pressure 
dependence in both the ordered and disordered 
phases. 

2. EXPERIMENTAL PROCEDURE 

The ultrasonic equipment used in most of 
this work was essentially identical to that 
used by Garland and Yarnell[4J. Toward the 
end, runs at 270-2 and 2S1-8°K were made 
using new ultrasonic equipment manufactured 
by Matec. A Model 1 20 master synchronizer 
was used to trigger a Tektronix 546A oscillo- 
scope and to alternately trigger (at one-half 
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the oscilloscope repetition rate) a Model 6000 
pulsed generator/receiver and a Model 666 
pulse comparator. The pulse comparator 
operates at 60 MHz for use with the super- 
heterodyne receiver, which eliminates the 
time-consuming tuning involved for variable 
frequency units. The sample echoes and the 
comparison pulse are displayed alternately 
on the screen, but persistence of vision causes 
the two traces to appear simultaneously. The 
comparison pulse is superimposed directly 
on the echo to he measured and its amplitude 
is adjusted by the use of a calibrated attenuator. 

(he pressure equipment and constant- 
temperature bath were the same as those 
described by Garland and Young[6], except 
that IJnivis .1-43 oil was substituted for 
petroleum ether as the bath fluid above 
265°K. Argon gas was used as the pressure 
fluid. The pressure could be held constant 
to within ±3 bar during a measurement, and 
the temperature was held constant to within 
±0 ().*'°K during an entire run. 

The ammonium chloride single crystals, 
which were grown by .Schumaker[7j, had 
sample lengths L at of T 1615 cm (I), 
()’82S6cm (ID and 0-8465cm (III). Parallel 
faces were flycut on crystal II with a high- 
speed milling machine. Natural faces were 
used for crystals I and III. Ihc orientation 
of each specimen was checked by a back- 
retlcetion X-ray method, and the normal was 
found to be within 0-5 deg of the [lOOJ axis 
in all cases. Chrome-gold plated X-cut quartz 
transducers were bonded to the samples with 
a phthallic anhydride-glycerin polymer|21, 
and measurements were made at 10, 20 and 
30 MHz. 

In making a run. the bath was brought 
to the desired temperature and the system 
was allowed to equilibrate for at least one 
hour. After the attenuation was measured 
at atmospheric pressure, the system was 
pressurized to about 3-5 kbar and allowed to 
equilibrate for another 1 5-20 min. Then a 
series of attenuation measurements was made 
as argon was vented from the cell. Well away 


from the transition line, a period of ten 
minutes was allowed for equilibration after 
each change in pressure. Close to the transition 
line, a period of twenty to thirty minutes was 
required. At the end of a pressure run, the 
one-atmosphere balance point of the manganin 
resistance bridge was remeasured and used 
to correct the readings for any drift from the 
original zero setting. 

The echo pattern for all runs below 250°K 
deteriorated when the pressure had dropped 
to about 500 bar. Although about half the 
runs in the range 250-6-260-6°K also showed 
this deterioration, the runs at 265'6 and 270-2°K 
showed a good echo pattern at all pressures. 

1 ortunately, the signal always reformed into 
a good echo pattern when the cell was re- 
pressurized, indicating difficulties with the 
bond rather than the sample. However, after 
prolonged use, crystals I and HI developed 
small cleavage cracks (parallel to the direction 
of propagation tind I to 2 mm deep) on the 
face bonded to the transducer. Reflections 
from these cracks distorted the echo display, 
and the crystals could no longer be used. 

3. RUSDI.TS AND DISCUSSION 
//«( A f’l'ottnd uttenuu tion 

Separation of the anomtilous attenuation 
associated with the order-disorder transition 
from the uninteresting but appreciable 'back- 
ground' attenuation represent the principal 
dilficulty in evaluating our data. The back- 
ground attenuation is due to a combination 
of pressure-independent contributions (such 
as beam spread and scattering losses) and 
pressure-dependent losses, Both types of 
loss are appreciable in our case, but the 
dominant contribution arises from changes 
in the impedance match at the gas-sample 
interface. As the gas is compressed, its 
acoustic impedance increases and more 
ultrasonic energy is transmitted into the gas. 
This causes a considerable attenuation per 
echo at high pressures, In principle one could 
calculate the background attenuation, but in 
practice it is necessary to carry out an 
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emprical determination. In doing this, we 
have assumed that the observed attenuation 
per echo, n,„,ai, is a sum of background and 
intrinsic cooperative contributions. Once 
ofback is known, the desired attenuation 
coefficient a (in neper cm"') is obtained by 
simply dividing by 8-69 (2/.). 

Total attenuation values obtained at 
30 MHz as a function of pressure on a fused- 
silica test sample at 2.'i0 and 260'’K showed 
very little change with temperature, which 
strongly suggests that the background 
attenuation is independent of temperature 
over a moderate range. All the 20 MHz runs 
were made on crystal 1 using transducers 
with an g in. active spot, and these data at 
various temperatures were combined to 
construct a temperature-independent back- 
ground as a function of pressure. Almost 
all the 30 MHz. runs were made on crystal II. 
also using lin. transducers, and the same 
analysis was made for these data. This 
analysis consisted of plotting vs. 

\T-Tk\'' at several constant pressures, 
where at each pressure is determined 
from the phase diagram of Rcnard and 
Garland |8J. This method of handling the data 
produces almost linear plots which can be 
easily extrapolated to zero (infinite A7) to 
yield the background attenuation. Lor 
Garland and Yarnell's 1-atm data[4]. where 
there is little or no background attenuation, 
such plots are close to linear over a wide 
temperature range. It appears that a com- 
parable behavior persists at high pressures 
even though (he fraction of the total attenua- 
tion due to the background loss is increasing. 

Another method of determining the back- 
ground attenuation is to carry out isotherm 
runs which do not cross the lambda line in the 
range 0-3'5kbar. This was done at 236'4"K 
on crystal I, and the results at pressures 
above I kbar (sufficiently far away from the 
lambda line) were in good agreement with 
those obtained with the first method. A series 
of runs were made at 10 and TO MHz on 
crystal 111 using jin. transducers. Data 


obtiuned at 240- 5°K were used to establish 
a high-pressure ip > 1 -5 kbar) background 
curve for a 255-6°K run, and 281-8“K data 
provided a complete background curve for 
a 270-2°K run. It was observed that the 
pressure variation of the background attenu- 
ation was the same in the ordered and in the 
disordered phase. 

Critifiil tilteiuuiliDii 

One-atmosphere data has shown that the 
critical attenuation n is quadratic in frequency 
over the range .^-60 MHz except perhaps at 
temperatures very close to l\|3,4|. Our 
present attenuation data at 10-30 MHz are 
proportional to w- at all temperatures and 
pressures. Typical isotherms of oj'^la vs. 
pressure are shown in Figs. I and 2. The arrow 



!>, K L'Or 


Lig. I Variiiliiin ol w'/rt vtiili pressurt .il 7S5-6'K (see 
loMi ' ' 10 MHz, I ! 2(1 MHz. 10 MHz 

labelled p* on each plot indicates the critical 
pressure at that temperature as determined 
from shear velocity data [2], Garland and 
Yarnell’s bi'/n values [4] are indicated by the 
crosses on the vertical axis, and the smooth 
curves were drawn so as to tic into these 
values. Smooth-curve w'/or values along all 
seven isotherms are listed in Table I. These 
results are subject to both experimental errors 
in which are largely random in nature, 
and to systematic errors related to the choice 
of Obapk- These two contributions to the 
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LiV 2. Vaiialion iil' arjif widi prcsMire al 270- 2“K 
I ilOMH/.AinMH/, 

uncertainly are comparable near the transition 
but uncertainties due to 0 ,,;,,+ are dominant 
away from the transition region. 

A somewhat non-exponential variation in 


the echo amplitudes is the limiting factor 
in the accuracy of our o,„,a, values. However, 
the character of the echo pattern did not 
change during a pres,sure run, and ±5 per cent 
represents our estimate of the random error 
in measuring (Y|„,ai. The effect of fluctuations 
or errors in the temperature and pressure 
varies considerably. Near the lambda line, 
where o is a sensitive function of p and T, 
this can cause ±4 per cent errors in a. In 
the essentially normal region away from the 
lambda line, this will cause only a OT per cent 
uncertainty in o. An estimate of the systematic 
error in « due to the choice of ounrij was 
obtained for the 25.‘i-6‘’K run by drawing an 
alternate background for each frequency. 
The vertical error bars shown in Fig. 1 
illustrate the effect of this change on a few 
representative data points. Near the transition 
pressure, the o values change by about 10 per 
cent at 10 MHz and 5 per cent at 20 and 
.20 MHz. Far from the transition, the change 


TahU’ 1. Smooth-curve values of iu units of 10"* cm 
see”**, as a function of pressure at various constant tempera- 
tures 
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is about 35 per cent al 10 MHz and 10 per 
cent at 20 and 30 MHz. It is fell that the 
original choices of background were definitely 
preferable, which is supported by the agree- 
ment among w'-la values at different frequen- 
cies, However, alternate background curves 
cannot be completely ruled out as limiting 
possibilities. 

Figure 3 shows the NH,,CI phase diagram 



I ig 3. Topolog) of Ihe a-p-/ siirf.ice 7 he he.ivy line is 
Ihc kimhilii line as rcpoitcd in Ref |2| and the lighi 
eonloiir lines lepresciit the loei of eonslani values ol 
w-/r( (in mills of ID"' cm see -) The dashed poilions of 
Ihese lines indieale a region of ercalci experimental 
uneeiliimlv , bosses er. the I -atm values are well knosvn .il 
low lemperaliires from Ref. (4|. 

with lines of constant loVa added. In the low- 
temperature ordered phase these lines of 
constant attenuation lie nearly parallel to 
the lambda line. In the disordered phase, 
constant-attenuation lines are closely spaced 
at 3 kbar and .spread apart considerably al 
lower pressures. This difference in behavior 
between the two phases is emphasized by the 
attenuation isobars shown in Fig. 4. These 
isobars were constructed from the smooth- 
curve values in Table 1. Although there was 
some scatter in the available points, no 



I Ig. 4 Isoixjiic NtiiiaiiDD ol fi>-/ft vkiih icmpciaiiire 
IVcssin*: ^allies indicalciJ i>n each line arc in bar 


systematic curvature could be seen and the 
best straight lines were drawn (giving greater 
weight to those points close to the transition 
temperature). Lines corresponding to directly 
measured one-atmosphere data [4] have been 
added to this figure for comparison with our 
high pressure results. The isobars in the 
ordered phase are roughly parallel and have 
slopes approximately equal to the one- 
atmosphere value of 7-2 X 10'-’ cm sec''* deg~'. 
Isobars in the disordered phase have slopes 
which are a strong function of pressure 
ranging from 51 x lO’Hm sec'^deg"' at 
I atm to I6'4xl0'' at 2000 bar. Figures 3 
and 4 both indicate a corresponding-states 
behavior for the ordered phase but not for 
the disordered phase. However, the variation 
a - o)'^\T~T^{p]\~' seems to hold at all 
pressures up to 3 kbar in both phases. 
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A brief review of Landau theory for the 
critical relaxation of long-range ordering 
near an order-disorder transition has been 
given previously in connection with the 
I -atm attenuation measurements on NH,CI 
(3.4|. Recently, there has been a rapid 
development of fluctuation theories which 
predict that « or|7 -7, | “ but do not yet 
agree on the critical exponent ^[9]. No 
theoretical work has yet been done on the 
isothermal variation of o as a function of 

b- Al- 
in the future we hope to extend these 
measurements with special emphasis on the 
immediate vicinity of the lambda line. One 
can already notice a distinct difference in the 
sharpness of the attenuation peak as 
increases (sec Figs. I and 2). It would be of 


/nteresl to follow this behavior up to higher 

pressures. 
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THERMODYNAMIC PROPERTIES OF INTERSTITIAL 
SOLID SOLUTIONS BY RELAXATION METHODS 
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iRetewed^ September 1969, m reeiseJ farm 1.^ Oetnher 1969) 

Abstract- By clastic relaxation methods the derivative of the chemical potential of solutes 

can be determined absolutely as a function of temperature and density p 1 herefore useful parameters 
which churactcri/e the solubility of gases in metals or which determine phase transitions of solutes 
can be found by elastic relaxation methods. 

As an example experiments on hydrogen in niobium arc discussed On the basis of experimental 
parameters (trace of the elastic dipolcmomcnl tensor, critical density, critical temperature) it will 
be argued that the attractive interaction of H in Nb. which is lesponsihle for the phase transition, is 
of elastic nature 


1. INTRODUCTION 

F.i.astic relaxation methods such as strain 
relaxation or internal friction which are based 
on orientational relaxation of dipoles have 
proved to be useful methods determining the 
rate of transition between equilibrium 
positions of interstitials, pairs of substitu- 
tionals and .so on Ml. For many cases, es- 
pecially for the interstitials like 0, N or (' in 
metals like V. Nb. Ta it has been possible 
to relate the experimental relaxation time 
to the macroscopic diffusion coefficient [2), 
although assumptions concerning the diffusion 
mechanism te.g. octahedral-octahedral or 
tetrahedral-tetrahedral jumps) have to be 
made. From the relaxation strength the 
difference (A-B] of the components of the 
dipolemoment tensor can be extracted [3|. 

The recently discovered diffusional re- 
laxation process (Ciorsky-EHect)[41 opens up 
new experimental possibilities to determine 
not only transport properties but equilib- 
rium properties of solid solutions as well. 
The relaxation time of these processes can 
be converted directly into the diffusion 
coefficient without any assumption concerning 
the jump model [5|. From the relaxation 
strength equilibrium thermodynamic pro- 
perties can be deduced. 

’Present address Institul fiir Metalipbi sik. Universilat 
Gottingen. 


2. THEORY 

The relaxation strength of the diffusional 
relaxation in a cubic system is given by|6.71: 


(/l + 2ft)-t.Vii + 2,V|.,) 

9(r)ju/f)p),,), 


with the orientation term ft: 


r is the usual orientation factor 

•' 727:1' + y iTi' '3) 

where the y, are the direction cosines of the 
angles between sample and crystal axes. 
.tii. i'lj and V|| are the elastic coefficients 
and A A 2B is the trace of the elastic dipole- 
moment tensor. AA-IB k the same quantity 
which determines the change in lattice para- 
meter due to the solid solution: 

A<ila= (/4 -f 2B)(i'|| -b 2sy,)pl}: p ~ number of 
solutes per cm ’. 

Finally [ciplfip)., is the derivative of the 
chemical potential p of the solutes. Therefore 
the relaxation strength, equation (1), can be 
used to determine the dependence of dpidp 
on concentration and temperature. Since all 
quantities except (d/a/flp), in equation (1) 
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are measurable directly, the value of the 
derivative of the chemical potential can even 
be determined absolutely by measurement of 
Aa- From the knowledge of the chemical 
potential predictions of such quantities as 
the solubility of gases in metals or phase 
transition of the solutes can be made. There- 
fore valuable parameters concerning these 
processes can be obtained by relaxation 
methods. 


point corresponds to the divergency of the 
magnetic susceptibility at the Curie point. 

In contrast to H in the f.c.c. -lattice of Pd, 
interstitials in the b.c.c.-lattice of Nb have 
three sites with different symmetry. Assuming 
that the maximum concentration p„, is inde- 
pendent of the distribution over the three 
different sites and using mean field approxima- 
tion. Alefeld and Buck[l 1] have derived the 
following expression for the chemical poten- 
tial of H in Nb: 


3. EXPERIMENTS 

We have applied the diffusional relaxation 
to meial-hydrogcn systems, especially to H 
in Nb. Due to the high mobility and high 
solubility of H in Nb just above room tem- 
perature this system can be studied con- 
veniently over a large concentration range 
and in a practical temperature range. It has 
been pointed out recently (8] that hydrogen 
in metals can be considered as an example of 
a lattice gas (91. There exists a phase transition 
(sec Fig. I), which corresponds to the gas- 
liquid transition. The critical temperature 
(the maximum in the miscibility gap) is 
approximately I SOT, the «-phase is the 
lattice gas, the o' -phase the lattice liquid. 
Due to the relation (fl/a/OpIv = 1 ( I )p'-Ajs« 
(A,.„ = isothermal compressibility) the relaxa- 
tion strength is proportional to the lattice 
gas compressibility which approaches 
infinity at the critical point. The relaxation 
strength can more generally be called 'elastic 
susceptibility’, its divergency at the critical 



Fig. I. Phase Uiagram for hydrogen in niobium(10| 
(c = concentration in atomic fraction.) 


M = -nr+/lTln ''j|_:y +/(7’) (4) 

with r = pip,,,. The term ur represents an 
attractive interaction term similar to that 
in a van der Waals gas. From the conditions 
(ipldp = 0 and H-plHp- = 0 which define the 
critical point, the critical density p,. and critical 
temperature have been determined by 
Alefeld and Buck |1 1] as: 

p. = (F393p„ ; (tr,, = 0'176u. (5) 

Using dpldp from equation (4) in equation (I) 
yields for the relaxation strength explicitly: 

Ar; = ft/-(l-r)(l-i!r) 

, p,„{/i +2BYHxu+2x,.,)- 

" mr-T.U:. 

with 

A7;=r(l-r)(l-^r)M. (7) 

For small concentrations (r« 1) equation 
(6) can be written as: 

^ 9kTs,y 

p has been replaced by 2e/u'* (f' = atomic 
concentration, a = lattice constant). 

(a) By measuring the concentration depen- 
dence of the relaxation strength the trace of 
the dipolemoment tensor {A + 2B] was 
determined as lO SeV for Nb and 9-0 eV 
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for Vf7]. Both these values are consistent 
with lattice parameter changes reported in 
literature (10, 121. 

(b) With decreasing temperature the relaxa- 
tion strength increases as if it would approach 
infinity at the temperature T,, T^p) is defined 
by the condition fl/a/flp = 0, which is the 
definition of the socalled stability curve 
(spinodal)*. Therefore the temperature 
dependence of the relaxation strength allows 
to determine by extrapolation the position of 
the stability curve inside the coexistence 
curve. Assuming Curie-Weiss behaviour T, 


*The physical significance of the stability curve is 
still a matter ofcontroversy, 


is obtained by plotting l/Ap vs. T (see T, in 
Fig. 2). Using equation (6) Schaumann[7] 
could show that for small concentrations the 
value of the temperature T, is consistent 
with an interaction energy w = 0-21 eV . which 
can be extracted from solubility measure- 
ments by Veleckis [13]. From similar measure- 
ments by Albrecht et u/. [14] u can be 
determined as 016eV yet with a relatively 
large error. 

The onset of precipitation manifests itself as 
a well defined cusp in the relaxation strength 
(see /„ in Fig. 2). Therefore the shape and 
position of the phase boundary can be 
established as well. 

(c) For temperatures T > T,. the relaxation 
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Strength, equation (6| or equation (1), passes 
through a maximum a.s a function of p. 
Assuming a weak dependence of the elastic 
constants ,v„ and {A + 2B) onp, the maximum 
is defined by the condition S'’p,j^p- = 0. 
This follows from equation (I). In mean field 
approximation this maximum is located at 
p = p,., independent of temperature. For 
7 = T, the maximum diverges into a singu- 
larity, In Fig. 3 the relaxation strength 
is plotted vs. concentration. Although for 
only 4 concentrations have measurements 
been performed, clearly a peak is resolved 
yielding f ', = ( 1 )(l'.34 ± 0 02 at %. 

From equation (5) the maximum concentra- 
tion is derived as C’,„ - 1 1 ) 0 ' 87 ± 0 ' 0.3 at %, 
which is in agreement with 0-89 at % as deter- 
mined from solubility measurement,s(l3|. 'Fhe 
critical temperature was found as approxi- 
mately 7, 4.‘i(rK. Using equation (5l the 

interaction energy is determined as » = 0-2l 
eV. again in agreement with Veleckis’ solubil- 
ity data! 13 1 and with Sehaumann’s valuel7| 
from the stabilily curve. Actually the agree- 



Fig t Rclaxalion slrcnglh vs. concenlrjlion for different 
lempcratures. 


ment for u and C„, is much better than it could 
have been expected on the basis of the 
equation (4) with a linear interaction term 
only. 

4. DISCUSSION 

We have shown that several parameters 
which enter into the chemical potential of 
solutes can be determined by elastic relaxation 
methods. The derivative dpldp can be 
determined in temperature and concentration 
regions which are often not accessible to 
solubility measurements because of reluctance 
in surface reaction, fherefore the phase 
boundaries and especially the critical point 
can be found with more accuracy than it is 
possible by extrapolation from high tem- 
peratures. Also the knowledge of the compon- 
ents A, B of the dipolemoment tensor is of 
significance in understanding the phase trans- 
formations of the solutes. If the attractive 
interaction up/p,„ in equation (4) is due 
purely to the elastic distortion, then for an 
isotropic solid ///p„, is in mean field approxima- 
tiongiven by 1 1.3 1 : 

u 2 1-2.^ (,4 + 2B)^ 

P„,“3’1-r' 

(k bulk modulus, u == Poisson ratio). 

With (A + 2B)^- l() 8eV.K= 1 72 .X 10'- dyn/ 
cm- equation (9) yields a=^0-20eV for 1 ^ = 
and II = 0.27 eV for v = 1. 

In spite of the uncertainty in regard to i^ 
for the anisotropic Nb these values for u 
fall close to the experimental value. There- 
fore it may be concluded that elastic inter- 
action is responsible for the attractive inter- 
action which causes the gas-liquid transition 
at lower temperatures. It may be mentioned 
that the difference A~ B, which determines 
the relaxation strength for orientation relaxa- 
tion, plays an analogous role in further phase 
transitions at low temperatures and high 
concentrations. 

Close to T,; the meanfield approximation 
used to derive equation (4) is not applicable. 
Instead of the Curie-WeiB behaviour of 
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equation (6) one expects a temperature 
dependence A,; - ( T- for P = P.- 
As a function of concentration Aj; diverges 
as A,; - for T=T, (y = 1-25; 

8 == 5-2 for the Ising model). So far no devia- 
tion from the C'urie-Weiss behaviour has been 
observed for temperatures (7- T,.)/7,. 
0-01 [ 16|. The validity of mean field approxima- 
tion this close to the critical point indicates 
that the interaction must be fairly long 
range, which again is the case for elastic 
interaction! 17). 

In this paper we have discussed the applica- 
tion of the diffusional relaxation to H in 
metals. Other systems may be studied as 
well in temperature regions, in which the 
mobility is high enough to make relaxation 
times reasonable. By using samples with 
10 mm a factor 100 can easily be compensated 
in lower mobility compared to 1 mm samples, 
which we have used in our experiments on H. 
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DAMPING OF INTERSTITIAL ATOMS IN 
bcc METALS* 
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[RecewcdS Scptemhcr 1969. in lorm 2S Onoht r 1969) 

Abstract-The internal friction of the bcc metals containing dissolved carbon, nitrogen, oxygen, and 
hydrogen is reviewed with special attention given to dilfusion in these alloys Three tispecis ol internal 
friction arc considered, (a) the ideal Snoek elfect, (b) the damping peaks associated with phase 
transformations and (c) the thermodynamics of small clusters of inlerslilials. 


1. INTRODUCTION 

The use of anelasticity in understanding 
point irregularities in crystal lattices-defecis 
and point impurities-continues to make 
steady, if not spectacular, progress. This 
progress has come both from detailed studies 
of individual problems in specific materials 
and from more general investigations. A 
review of the entire scope of these problems 
is impractical, so attention is concentrated 
on three specific problems: (I) interstitially 
dissolved impurities in the bcc metals, (2) the 
acoustical energy loss associated with phase 
changes and (3) the thermodynamics of 
interstitial clustering, as it can be deduced 
from anclastic measurements, 

2. THE IDEAL SNOEK EFFECT 
Interstitial impurities in bcc metals produce 
nearly an ideal Snoek effect when they are in 
dilute enough solution. The damping peak is 
ideal in width and its height is a linear function 
of interstitial content, These facts have per- 
mitted a series of notable advances to be made 
in these alloys, first for carbon and nitrogen 
dissolved in iron and later for oxygen, nitrogen 
and carbon dissolved in V, Nb and Ta. Studies 
have been made both for diffusion in these 
alloys [I -6] and for precipitation in some of 


‘This research was supporied in part by the U.S. 
Atomic Energy Commission. ContracI AT(1 l-l)-l 198. 


these alloysl7-l 1|. No insurmountable 
intrinsic difficulties were found to exist, 
although many detailed difficulties of specimen 
preparation had to he overcome. 

One of the primary gains made in the 
diffusion studies has resulted from the com- 
bination of anelastic data with data obtained 
from long range diffusion studies. In general 
when sufficient care has been taken in both, 
good agreement between the two has been 
achieved: thus the diffusion range has been 
extended over some fifteen orders of magni- 
tude in some instances. A summary of such 
investigations is presented in Table Ifo) along 
with citations of some of the chief original or 
review papers 1 12- 1 8J. One sees that reason- 
able agreement exists for the several cases in 
which both techniques can be used. A great 
many gaps exist, however, in bulk diffusion 
data. 

Perhaps the most interesting case is that of 
carbon in iron, where a combination of 
anelastic and radio-tracer data shows marked 
curvature in the Arrhenius plot above 450°C 
[5, 13], No doubt exists that this effect is 
real, but no proved explanation is known. 

The VI B column of the periodic table 
has been extremely difficult for anelastic 
study because of metallurgical difficulties in 
specimen preparation. Chromium alloyed with 
nitrogen has gradually yielded to diligent 
investigation [1 9, 20] and the Snoek effect 
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Table 1(«). Parameters characterizing diffusion in iron and the group 
VB elements. D„ is in units cmVsec and AH is in units cal/mole. For 
carbon diffusing in Nb and Ta, two measurements of bulk diffusion 
are reported separately 


Melal 

Method 

Carbon 

Nitrogen 

Oxygen 

1 roil 

Anelastic 

0„ = 0(104 

=• O-tKl-S 




19,16(1 

AW= I8,3.sfl 



Bulk 

/)„-0l 

0„ = 0066 




AW ^ :.T(HKI 

AW - 18,600 



Rets 

l-t|.|.‘i|.ll2|.|l-'>l 

|4),II41.|I5| 


Vaniulium 

.Aneliislit 

/)„ = 0(KM5 

fl„ = 0(109 

f).,-0013 



111 = 27,29(1 

AW = 34,060 

AW -29,010 


Hulk 

/)„ = 0-0(149 

A// = 27..t00 




Refs 

Il6|,|l6a) 

(161 

116] 

Niohiuni 

Anelastic 

/)„ = (MKM 

/)„ = 0 009 

/)„ = (1 02 



AW - 3.1.02(1 

AW 34,920 

AW = 26.910 


Bulk 

/>„ - 0 (1.3,3 

AW = 37,9(H1 
l)„ -r 0 (H)9 

A// .IS.tMMl 




Refs 

Il61,|l6a|.|l8| 

(If-I 

1161 

1 uot.ilum 

Anelastic 

0„ - 0 (H16 

D„ -= 0 006 

/y, = ().(H)44 



AW-- .W.MIl 

AW = .37 ,840 

AW -- 25.4.30 


Hulk 

/)„-(l 012 

AW = 40,.3(K1 
/!„ - (1()2(. 

AW = 43.000 




Rets 

|I61.|IM.|I«I 

(161 

1161 


forciirbon in chromium ha^ been reported(2 1 1. 
Perlinent dnla for lhe^e and olhei systems- are 
summarized in I'able l(b|. 

Molybdenum ;md tungsten have been 
extremely diflicult, not because damping 
eftects cannot be seen, but because inter- 
stitial peaks are dillicult to interpret and 
identify. Schnitzel first reported such peaks 
after an arduous series of investigations, but 
gave only tentative correlations with specific 
interstitial impiiritiesl22,23]. Later papers 
have corroborated his results though perhaps 
with scantier data than he had [24, 25]. 

High temperature diffusion data are also 
scanty for these alloys, but measurements 
are gradually being made. Data for carbon 
diffusing in molybdenum and tungsten have 
been reported [24. 25, 27], When these data 
are combined with the internal friction results 


quoted above, plots shown in Fig. I result. 
One .sees that the combination yields some- 
what lower values of AH than are derived 
from the high temperature data alone. 
Measurements for diffusion of nitrogen in 
molybdenum by effusion methods have been 
reported recently. The data of Evans and 
Eyre are reported in Table 1(h), although 
other measurements have also been made. 
(For an excellent summary see Table 1 of 
their paper] 17|.) A damping peak for nitrogen 
in molybdenum has been claimed, but the 
identification seems to be on too shaky 
grounds to warrant comparison [24], A report 
of nitrogen diffusion in tungsten has been 
made [281; the data are presented in Table 1(b). 
Both Da and the activation enthalpy seem 
very high. The reader can easily verify, 
though, that combination of these data with 
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Table Kb). Parameters eharaeterizin}( diffusion in the f;roup V!B elements 
and in 13-tlwrium. D,, is in units cmVsec and cm-/sec t/Ait/ AH is in cal/mole 


Metal 

Method 

(. arbon 

Nitrogen 

Oxygen 

Chromium 

Anelastic 


;)„-o-ou> 

AH - 27..SOO 



Bulk 

Combined 

/>„ =- 0 ()()9 

AH - 2h..SIHI 




Refs 

1211 

1101.1201 


Molybdenum 

Anelastic 

( Dumping peaks reported) 



Bulk 

/)„ - 0 ()2, (M)1 

t)„ ^ o-noi 




AH =-41.(100 

AH 27.WK) 



( omhmed 

D„ = OtHI.I 

AH - .I.S.(KX) 




Refs 

ll«|.1221.|24|.|27| 

1171.124) 

1221.1241 

1 iing.sten 

Anelastie 

( Dumping peuks i eported) 



Hulk 

/)„ -0 00 

n.,= V4 




Ml .‘i1,.SOO 

AH = 02.000 



Combined 

1),. - 0 001 

AH - 40.(MI0 




Refs 

|i«i. 12.11.12.';) 

1211.1211.1251 


/t-l horuim 

Hulk 

0„ = 0(12 

/)„ = 0’012 

l)„ - 0 001.1 


AH -■ 27.(XHI 

AH - 17.000 

AH--- 11.000 


Refs 

126) 

1201 

1261 


an extremely tentative damping peak yields 
values tor both much lower, something like 
/)(, ~ 5 X I0‘- and A W == 39,(K)(), These num- 
bers aie >0 tentative, however, that I hesitate 
to include them in the table. 

The case for boron m iron is interesting. 
Snoek peaks are reported periodically 129-.^2] 
Most persistently, the peak is reported on top 
of tor near to) the Snoek peak for carbon in 
iron: This obviously leads to the surmise 
that carbon may inadvertently be added 
during boronizin.c. a position that is not easy 
to refute. The present status seems to this 
observer to be best drawn by the conclusions 
of Strocchi, Melandri, and Tambal.Vlj, the 
.Snoek peak for boron has not been seen and 
boron in bcc iron is most likely substitutional. 

3. HYDROGEN IN THE bcc METALS 

The diffusion of hydrogen in metals is of 
such intense current interest that it deserves 
a special section. It has been investigated 
quantitatively by several by several methods - 
by absorption and effusion, by nuclear 


T 



Fig. I. Arrhenius plots for diffusion of (' in Mo and W. 
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magnetic resonance, by anelastic methods, 
and by low temperature aging of super- 
saturated solid solution. The importance of 
the study is two-fold; not only are the effects 
of hydrogen of immense importance in deter- 
mining many of the mechanical properties, 
but the understanding of possible quantum 
effects in diffusion are of intense intellectual 
interest. 

The diffusion of hydrogen in iron has been 
the subject of many investigations. Absorption 
and effusion studies have demonstrated the 
existence of two regimes in temperaturc-a 
high temperature region of low activation 
energy now thought to represent lattice 
diffusion of H-atoms and a lower temperature 
region of higher activation energy (and low 
values of/)). This second region is apparently 
controlled by hydrogen trapping. The best of 
this work is that of Johnson and Hill, some 
representative values from their work are 
plotted in Fig. 2 (.^41. 

A more recent study involving charging of 
iron in electrolytic cell has been carried out 
by Choi|34|. His temperature range was 
necessarily limited, but he was able to extend 
the range of normal diffusion coefficients to 
lower temperatures. (.See Fig. 2, where a few 
of his values are plotted.) 

T he first measurement of the Snoek peak of 
hydrogen in iron was made by Heller, using 
a torsional pendulum [36]. He found the 
peak near 3()°K for a frequency of I Hz. A 
measurement at SO kHz by Gibala put the 
Snoek peak at 48-5“K[37]. 

These four measurements are remarkably 
consistent. The straight line drawn in Fig. 2 
shows no sign of curvature as would be 
expected if tunnelling were a factor at low 
temperature. The value of D„ is 3 X 10 ■*, that 
of AW is 176()cal/mole (0-076 eV/atom). 

The values of 1) which are deduced from the 
internal friction measurements are calculated 
according to the expression 




Pig 2. Plot of dirt'usion toelficicni of hydrogen in iron. 

Here a is the cube edge of the bcc crystal and 
T, is the relaxation time. The number 72 is 
appropriate for tetrahedral site occupancy 
of hydrogen atoms with jumps being T-T 
jumps along (110) directions. Equation ( 1 ) is 
used throughout this paper for calculation of 
diffusion coefficients for hydrogen. 

The diffusion of hydrogen in niobium has 
been the subject of numerous investigations. 
Unfortunately, considerable disagreement 
exists concerning the constants of diffusion. 
The first detailed study was an absorption- 
desorption series of measurements above 
.SOOT yielding an activation energy around 
9000cal/mole[38]. An internal friction 
friction study in the range 90-105°K has been 
carried out by Cannelli and Verdini[39]. 
A few points in the same range have been 
added by Wert. Thompson and Buck (un- 
reported data). Although these groups of 
measurements separately have quite different 
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activation energies, the actual D values are 
relatively consistent: see the data and the 
line drawn in Fig. 3. The value of A// for 
this line is about 4150 cal/mole, the value of 
Cannelli and Verdini. 

Several measurements have been reported 
yielding much lower activation energies. 
Two of these measurements of long range 
diffusion utilizing the Gorski effect yield an 
activation energy of only 2500 cal/mole [40, 
41]. Although this value is much lower than 
that just cited, the actual D values arc not 
much off the solid line drawn in Fig. 3. 
especially at the higher temperatures. These 
two measurements are in excellent agreement 
at temperatures above 250°K. but depart 
from each other below 250°K. 

A determination of A// by the quench aging 



Fig. 3. Plot of diffusion coefficient of hydrogen in 
niobium. 


of supersaturated Hb-FI alloys also yields a 
value near 2500 cal/mole [42]. Unfortunately, 
the method is incapable of giving explicit 
1) values, so the data cannot be plotted in 
Fig. 3. 

Finally, a measurement of hydrogen 
diffusion using internal friction at frequencies 
lower than those of Cannelli and Verdini 
has been reported by Schiller and Schneiders 
[43]. They observed small changes in peak 
temperatures (and presumably then diffusion 
coefficients) as they varied the method of 
specimen preparation. Finally, they found a 
slight change in slope between their data and 
those of the earlier measurement (Fig. 3). 
Unfortunately, the break point comes right 
where the two pieces of data meet, with little 
overlap. 

An overall assessment of this situation 
seems impossible at this time. Each of the 
measurements taken by itself seems to be 
well done. Yet the variation in reported 
activation energies of a factor of four is un- 
reconcilable. Quite clearly, a simple com- 
parison of slopes, as is usually made, is 
inadequate. At this time, it seems hard to 
discount the general correctness of the solid 
line close to the one drawn in Fig. .3. Were 
the data obtained using the Gorski effect 
consistent over the entire temperature range, 
the heavy dashed line in Fig, 3 would be a 
good possibility. 

The nuclear magnetic resonance investi- 
gation of Zamir and Cotts bears an interesting 
relationship to the problem of hydrogen 
diffusion in niobium[44|. Although their 
work was mainly in two-phase regions where 
interpretation is difficult, one alloy is of 
extreme interest, the alloy NbFIii.;. If they 
knew their composition accurately and if 
the phase diagram is accurately known in that 
region of the phase diagram [45], this alloy 
cuts through the corner of the single-phase 
monohydride region at about 75°C. Con- 
sequently, the peculiar change in line narrow- 
ing which they observe (and could not fully 
explain) with increasing temperature between 



■ , , , j77g C. A, 

i' "' 

I 60®-'100°C can indeed be understood. It seems 

'I to have its origin in the passage through a 

two phase a+/3 region at low temperature, 
through a single phase j3 region, a two-phase 
a' + 13 region and finally into a single phase, 
a' la solid solution ofH in bcc Nb). 

Values of proton correlation time, t,. (as 
given in Tig. 9 of their paper) cun be converted 
to values of 1). at least semiquaniitatively, ( 
the relation 

D = rll2T,. I- 

Here r is the interulomie distance and the 
fac/or of 12 is ,i eonsUinl yiecn b\ Rovi/and 
1461. These caletihiled values of /) arc plotted 
in I ig. 4. Whcihei the propot tionahls constant 
ol tsselve is preeiseh rijrbl for this case may 
perhaps be questioned, nevertheless the 
general correctness of the plot in I ig, 4 ought 
to be true. 

Observe that iH for the «' region is about 
cal/mole. not much different from the 
solid line of 1 ig. 3 for ditfusion in o. See also 
that the slope in the /J-region gives a value 
of AH of about 9000 cal/mole. a value similar 

so u 1 . .iip.. . 2 ^ 

i ! 


7Qmif aid Coffs 


H tn Nb 


IO-'2. WTB 

W 

‘ 502” “do3~' ' ' b5o2 oos'K"' 


I'lg. 4 Dilfasion Uaui ealculaled Ironi NMR woik of 
/amii and ( ol^. 


WERT 

to the activation energy obtained for several 
kinetic processes involving changes in mech- 
anical properties (47, 48]. Perhaps some of 
the reported property changes are due to 
phenomena in the hydride, not in the Nb-H 
solid solution. 

f inally, a point labelled WTB is plotted in 
fig. 4. This is the value of D calculated by 
single-point estimate for the precipitation 
peak' observed by Wert. Thompson and 
Buck. (Sec their paper in this issue.) This 
point was calculated assuming the applicability 
of equation HI to this peak. An investigation is 
eurrentiv under way to see if that peak has tin 
activation energy near 9000 cal/mole. II it 
does, the chanictcrislics of that peak may 
prov.dc valuable insight into the behaviour 
of hydrogen in the monobydride. 

A short paragraph will suffice to discuss an 
excellent correlation which exists fordifi'u,sion 
of hydrogen in lunluliint. fig. .T Massive 
absorption measurements at high temperature 
|49l and the internal friction work of Cannelli 
and Verdini|.39| combine to give an overall 



Fig 5. Pkn ditfusion eoettieienl 111 hydrogen in tantalum. 
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activation energy of 3600 cal/mole. If experi- 
ence in other systems holds true here, this 
fit will be challenged as further data become 
available: for the present, however, it seems 
excellent. 

Diffusion of hydrogen in tungsten has 
been measured quantitatively by Frauenfelder 
[50]. Using permeation methods, he found 
D = 41XI0-:‘exp(9000/RT). These values 
seem fairly consistent with data on other 
metals although A H may be too high compared 
to that for niobium and tantalum. 

A few other data are available for several 
fee metals. The results are listed in Table 2 
along with those values just cited for the bcc 
metals he, Nb, Ta and W. Values of D„ 
tend to be lower than those for (’, N and O 
diffusing in the same metals. This is. in 
general, in accord with the proportionality 
between A// and A5'[5I|, but quantitative 
correlation seems not possible at the present 
time. 

A great deal has been written about the 
possibility of lunnelling-enhanced diffusion 
of light elements especially at low tempera- 
tures [36, 39,41,52,531. funnelling should 
manifest itself both in upward curvature of 
the Arrhenius plot at low temperatures and 
in differences in I) with isotopic mass much 
larger than would be explained by mass 

Table 2. Values of D,, and AH for 
Hydroi’cn diffusion in sevend nteiuls. 

I he indues in purenllicses for Nb 
are front the dashed line of Fi}>. 4. 

D|i is in units cmVsec and AH is in 
cal/mole 


Melal 



Iron 

(MKXI4 

I7WI 

Niobium 

()(XB 

41. SO 


(0(XX).S| 

i:.^) 

Tantalum 

0(XX).S5 

ym 

TungMen 

ll'(K)4l 

'XXX) 

Palladium 

OlKXi 


Nickel 

0(X)5 

M560 


differences in vibration frequency or cor- 
relation. l.arge differences in D are indeed 
observed between diffusion of hydrogen and 
deuterium in some instances, but no success- 
ful attempt has been made to use this varia- 
tion in a quantitative way. Expected curvature 
of Arrhenius plots for diffusion of hydrogen 
has not been unambiguously proved in any 
instance. In particular, for the diffusion of 
hydrogen in iron, the activation energy is 
lower than any other so far measured, the 
ratio DiJDii seems to be at least a factor of 
500(36], yet no curvature of the Arrhenius 
plot seems evident (fig. 2). It would seem 
that any theory of tunnelling which attempts 
to explain effects seen in other systems should 
al.so explain why no enhancement is apparently 
seen in this one. 

4. NARROW DAMPING PEAKS 

Most of the damping peaks associated with 
the Snoek effect are ideal; they fit the model 
of the standard linear solid and they can be 
interpreted in terms of thermally activated 
phenomena. In some instances, peaks are 
seen which arc apparently not thermally 
activated; oftentimes these peaks are 
extremely narrow, only a few degrees wide. 

A number of such peaks have been reported. 
The antiferromagnetic transformation in 
chromium displays such a peak [54]. The 
allotropic phase transformation a-y iron 
has a pronounced peak [55-57]. A sharp 
peak exists in the n — ji phase transformation 
in coball near 40()°C. These peaks are all 
associated with phase transformations of 
some kind. Undoubtedly a great many more 
such damping peaks exist. At present, they 
are more of a curiosity than an aid in under- 
standing the metals. 

Another group of sharp peaks exist in some 
of the bcc metals. In Nb and Ta sharp peaks 
were found by deBatist between 200-250°K 
for frequencies near 1 Hz[58]. Sharp peaks 
were seen in Nb also near 200°K by Stanley 
and Szkopiak [59-6 1 ]. These peaks are around 
5-10°K wide, as one can see from the figures 
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in their papers. Three types of such narrow 
peaks are discussed in the paragraphs which 
follow, all three of which are found both in 
niobium and vanadium. (The original results 
quoted here are the joint work of Wert, 
Thompson and Buck -called here WTB). 

The first type is that apparently associated 
with a eutectoid phase transformation. In 
niobium rods containing hydrogen, such 
damping peaks were s jen on cooling through 
the temperature range 90-70°C. (See Fig. 8 
of the paper WTB in this issue.) This is just 
region in which Walter and Chandler found 
the eutectoid phase transformation from a' to 
«+/3 to occur|45|. This peak was seen in 
spite of the fact that the overall hydrogen 
concentration was well within the « solid 
solution range at that temperature. Apparently 
some a' forms on cooling from above I.S5°C- 
perhaps in imperfect regions of the specimen. 
A similar peak is found at about 25°C in 
vanadium containing a small concentration 
of hydrogen; this observation would imply 
that such a eutectoid line must exist near 
room temperature in the vanadium-hydrogen 
system. (Thanks are due to Professor T. Scott 
for supplying the rod of vanadium.) 

A second type of peak in these metals is 
the jB-peak. In niobium it occurs near room 
temperature for frequencies near 15 kHz. 
if the peak (or cluster of peaks) near 200°K 
for frequencies near I Hz is also the /3-peak, 
then the activation energy is close to 0-5 eV 
has been reported before [58-61]. From its 
position in temperature, one would also 
expect an energy of about ()'5-0-6eV. How- 
ever, the peak has a halfwidth only about 
half that required by such an activation 
energy. 

A similar peak, thought also to be the 
j8-peak, occurs in vanadium below room 
temperature at 18 kHz. It, too, is only about 
half the expected width for a peak occurring 
at that temperature. 

These j3-peaks have been seen in several 
well annealed samples of niobium and in an 
annealed rod of vanadium, all of which con- 


tained some hydrogen. We do not know the 
exact conditions under which they occur and 
we are unable to prescribe heat treatments 
necessary to ensure their presence or absence. 
Nevertheless we are not convinced that dis- 
locations are necessary for their existence, 
and we tend to believe -as do Stanley and 
Szkopiak[61]-that they are caused by inter- 
stitial complexes (perhaps containing hydro- 
gen). The narrowness may be caused by 
cooperative motion of the interstitials. 

Finally, a third type of peak is the ultra- 
narrow spike such as that seen near 235°K 
in niobium. One example of it is seen in Fig. 7 
of WTB (this issue). Another is seen in Fig. 6 
(this paper). This spike is less than 2°K wide 
at half maximum. It is also accompanied by a 
slight change either in sample length or in 
Young’s modulus; from the little jog in the 
curve of frequency vs. temperature in Fig. 6, 
we cannot deduce which. The spike does not 
shift in temperature with change in frequency. 
A specimen heated slowly through this 
temperature range shows a slight thermal 
arrest at the temperature of the peak [62]. 
This peak shows hysteresis, on cooling it 
occurs near 205°K; see the data plotted in 
big. 7. 

The phenomenon responsible for this effect 
may be a phase transformation similar to 
those which have been observed in certain 
hydrides of tantalum [63]. However, since 
it occurs in all specimens of our niobium, 
regardless of degree of attempted dehydro- 
genation, it may also be a martensitic type 
reaction in the «-solid solution. 

Such sharp peaks as these are found in 
vanadium as well. An example is shown in 
Fig. 8 for a vanadium rod in two different 
conditions. Run I was made upon warming 
up from 20°K a specimen containing 80 ppm 
(wt.) of hydrogen. Run 2 was made upon 
such a warmup after the rod had been 
annealed in a vacuum of 10"*torr for several 
hours at 600°C. These spikes are about 5° 
wide. Their existence may also indicate a 
transformation of some kind at about 125°K 
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in either the a-solid-solution or the hydride, deduce their relationship to the nature of 
Again one ha.s to presume that .some resid- the transformations. At present they are of 
ual hydrogen may remain after the vacuum most use in merely indicating the presence of 
anneal. transformations. 

Even though damping peaks associated with 
phase transformations have been known for at 5. BROAD damping peaks 

least 20 yr, no attempt has been made to Thermally activated damping peaks too 
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Wide lo be a 8ingle relaxation have been 
observed almost from the beginning of 
quantitative measurement of damping. I'wo 
ehief teehniques have been developed in 
analysis of sueh peaks; (1) assumption of a 
eontinuous distribution in both relaxation 
time and relaxation strength and description 
of the peaks in terms of appropriate analytical 
functions, (2) assumption of a limited set of 
discrete relaxations and determination of 
strengths and relaxation times of all com- 
ponents of the set. Discussion of decom- 
position of experimental curves in terms of 
one or the other of these models has been 
discussed adequately by Berry and Nowick 
[64] and Wert [65]. Those considerations will 
not be repeated here. Rather, a few comments 
will be made for the case of the discrete set 


and those comments mostly concerned with 
the thermodynamics of the entities which 
may be responsible for the relaxations. 

These considerations have their origins in 
the paper of Dijkstra and Sladck which first 
reported such broadened peaks in alloys of 
iron and nitrogen with such other alloying 
elements as Mn, Cr and Mo[66j. They 
supposed that small clusters such as Mn-N. 
etc. were responsible for the relaxations 
additional to the normal iron-nitrogen 
Snoek peak, f'he simplest of these clusters 
is simply the substitutional-interstitial (S-ij 
pair, which is present in concentration given 
by 

C,. = {Z,.mCsC,e\p{-^Si|R) 
xexp(A//,V«T). 


( 3 ) 
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Here C,„ C, and C, are atom fractions of 
pairs, unpaired substitutional atoms and 
unpaired interstitials, respectively; Z,, is 
the multiplicity of the pairs; A5" and AW", 
are the entropy and enthalpy of binding, 
respectively. Equation (3) applies to dilute 
solution. Corresponding expressions may be 
written for S-i-S and i-S-i clusters and for 
higher order clusters as well. 

This expression is not immediately applic- 
able in all its details to a damping measure- 
ment since the specific damping capacity of a 
cluster of a given type must be known to 
permit its complete application. However, for 
determination of the most important thermo- 
dynamic quantity, the enthalpy of binding, 
this constant need not be known. In spite 
of this tact, no measurements of the enthalpy 
of binding have been reported. Several 
reasons exist for this fact, but with clever 
enough experimental technique they are not 
insurmountable. 

The Zi-C) pair in niobium forms one 
extreme case -that of a tightly bound cluster. 
The binding enthalpy is apparently so large 
that almost all oxygen added to the alloy is 
paired at normal temperature of measurement 
until the Zr is saturated; hence, no parti- 
tioning can be detected at low temperatures 
[67,68]. In fact, the normal Snoek peak 
(which is proportional to C,) does not appear 
at measuring temperatures near ZOOT until 
the Zr atoms are almost all associated in an 
O-Zr-0 complex. The binding enthalpy of 
the Zr-O pair must be several electron volts. 

1 he other extreme, that of extremely weak 
binding is typified by the W-0 complexes in 
niobium where no interaction peaks of any 
kind have been observed|69|. Neither has 
evidence been seen that complexes such as 
Ni-C, Cr-C and Mo-C exist in iron in 
appreciable numbers[7()]. For complexes 
such as these, the binding enthalpy must be 
no greater than a few hundredths of an 
electron volt (or it may even be negative). 

The possible candidates for successful 
measurement at present seem to be those for 


which the binding enthalpy is from 01 to 
perhaps 1 eV. Many of the ternary alloys 
Fe-Me-N would seem to fall into this 
category, although identification of the 
Mn-N complexes in iron is plagued by a third 
relaxation of unknown origin [66, 71], Un- 
doubtedly all of the refractory metal alloys 
will be found to exhibit many S-i clusters 
which may be melallurgically important. 
Mosher has proposed a tentative criterion by 
means of which one might predict the probable 
existence of such damping peaks [69]. 

The experimental problem is only that of 
making proper isothermal measurements at 
several temperatures so that equation (3) 
may be applied, This is an extremely difficult 
task for peaks widely different in relaxation 
lime; perhaps the extrapolation .method of 
Mosher will be found to be extremely 
useful [69|. 

The same general considerations apply to 
the self-clustering of interstitials. The initial 
notable paper of Powers and Doyle describing 
pairing of oxygen atoms in Ta[72| has been 
followed by several additional studies. The 
condition of equilibrium of clusters of various 
size can best be wiiiten in terms of the con- 
centration of single interstitials, f,. 

C, - (/,///)(■ ,'exp (-A//.S’,'’/R) 

xexp (D//,'V/<7 ). (4) 

Here Z, and /, arc multiplicity of clusters of 
size / and /, respectively. The factors A.V," 
and A//," are the entropy and enthalpy of 
binding of the cluster of size /. Again the 
range of enthalpy values for successful 
measurement by anelastic means seems to be 
from about ()• 1 - ) -0 e V per cluster. 

The basic problems here are the securing 
of data adequate for analysis into closely 
spaced component peaks and the inter- 
pretation of these components in terms of 
specific clusters. The several papers which 
have been published have been reviewed by 
Cost, Gibala and Wert [73 j. 

Two additional considerations must be 
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cited here. First, several authors report that 
interstitials exhibit long range order in rather 
dilute solution in some of the refractory metals 
[74, 75]. Whether clusters of small size may 
form within these ordered domains is not 
known. Second, alternate means should be 
sought to measure the presence and number 
of the small clusters. This seems to be a 
formidable task. 

AcknoHl/'ilufinonis-The assembling of data for this 
review would have been impossible except for the 
cooperation of many authors who kindly supplied much 
information well in advance of its publication. Special 
thanks is due Professor R. (iihala for his long-continucd 
assistance in the collection of data on diffusion of 
interstitials 
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INTERNAL FRICTION IN FERROELECTRICS DUE TO 
INTERACTION OF DOMAIN BOUNDARIES AND 
POINT DEFECTS 


V. S. POSTNIKOV, V. S. PAVI.OV und S. K. TURKOV 

V(iione/h Polylechnical Institute. Voronc/h. Plelchenov Street 84, U.S S.R. 

.5 Sepicmhfr 1 9ft9| 


Abstract -Torsion pendiiltini and resonance Icchniqiies weie used for investigation of polycryslalline 
lead /irconale-tilantile internal friction in the temperature range of 2()-4()l)T T he compositions of 
samples were chosen close to the morphotropic phase boundary Measurements of Q ' were made on 
lead zireonate-litanatc samples modified by the additions of niobium pentuxide (B-composition) 
and without any additions (,-l -composition). Two relaxation peaks were found on the Q '(T) curves 
of the /t-samples at 14(1 and 24()“( ; for B-samples these peaks were not observed. It is proposed that 
the peaks on the (7 '( Tl curve are due to interaction of domain boundaries and charged point defects 
The concentration of defects was changed by high-temperattire annealtng tn dtfferent atmospheres. A 
calculation is piesented of the value of internal fnclion caused by the diHttsion of potnt defects to 
domain boundaries, where picroelectrie bound charges appear I he results of the calculations are in 
satisfactory agreement with the experimental data 


The properties of ferroelectric.s largely 
depend on their domain .structure geometry 
and the nature of interaction of domain 
boundaries and various imperfections of their 
crystal lattice. Along with other methods used 
for investigation into the structure of ferro- 
electrics and kinetics of various processes 
occuring in them due to external forces, the 
internal friction method is more and more 
widely used. Owing to some reasons of 
technological character polycrystalline ferro- 
electrics have high concentration of point 
defects. In view of this our work is concerned 
with internal friction of polycrystalline lead 
zirconate titanate solid solutions. Lead 
zirconate titanate has found wide application 
in different branches of technology due to 
good electromechanical properties, 

Internal friction in the temperature range 
of 200-400‘’C was studied on lead zirconate 
titanate samples of the following stoichio- 
metric composition: 

A — Pb,, iijSr,|.(,r,(Zr,).r,;iTi(, .n)Oj+ 3% PbO 

B - Pb|, „5Sr,H,5(Zr„.5..,Tio-i7)03^ 3% PbO 
-M%NbA- 


The samples correspond to lead zirconate 
titanate solid solution which in its composition 
is close to the morphotropic phase boundary. 
At room temperature the samples have perov- 
skite tetragonal structure with parameters a = 
4-025 /f. ( -4- 112 /I. The Curie temperatures 
of A and B compositions are 330 and 280°C, 
respectively. The synthesis of the samples 
was carried out according to industrial tech- 
nology [1]. After cutting and polishing the 
samples were annealed for 8 hr at 750-800“C 
to remove stresses due to mechanical 
treatment. 

The temperature dependence curve of 
internal friction which was studied in the 
papers[2. 3) had some relaxation peaks in 
the temperature range corresponding to 
ferroelectric phase (Fig. 1 ). For B composi- 
tion samples the dependence of Q~'(T) 
(curve 2) has only one peak related to the phase 
transformation at the Curie temperature. In 
contrast to the B composition curve, the A 
composition curve measured at a frequency 
of about 1 c/s has relaxation peaks at tem- 
peratures about 140 and 240°C. Activation 
energies of the 1 40 and 240°C peaks calculated 

178.<i 



1786 


V. S. POSTNIKOV, V. S. PAVLOV and S. K. TURKOV 



Kig I I nlcrnalfnclionlemperalure dependence measured 
at a I'requcncy of about I c/s for /I composition samples - 
curve I, B composition samples-curvc 2, and at a 
frequency of I8flc/s for an A composition samplc- 
cui ve 3 

by means of frequency shift are equal to 
()'4 and O H eV, respectively. 

Curve 3 showing internal friction tempera- 
ture dependence of A composition samples 
measured at a frequency of 180 c/s has no 
relaxation peaks. The 32?°C peak is due to 
phase transformation from ferroelectric to 
paraelectric state. At this frequency the 140T 
peak should occur at about 490°C. The 
absence of the peak in the above mentioned 
temperature range (curve 3) indicates that 
it is characteristic only of the ferroelectric 
phase. One can suppose that this peak is due 
to interaction of domain boundaries and 
point defects. It can be seen from the stoichio- 
metric composition of the samples that these 
point defects may be oxygen and zirconium- 
titanium vacancies. This is supported by the 
absence of relaxation peaks on curve 2 for 
the B composition in which the number of 
vacancies is small due to the addition of 
Nh-Or,. Two mechanisms related to point 
defects were proposed for the explanation 
of the peaks. 

In the first case we consider energy losses 
due to vibration damping of 90° domain 
boundaries caused by their interaction with 


mobile point defects [2]. Then the process 
of relaxation proceeds in the following 
manner. Instantaneously applied stresses a 
displaces the domain wall from the equilibrium 
position by the distance R, defined by the 
quasi-elastic forces kR and the forces of 
interaction / with point defects which remained 
in the original position. After a certain period 
of time sufficient for the diffusive disphace- 
ment of point defects to a new position of the 
Wall, the latter forces become equal to zero. 
As a result, the wall shows additional dis- 
placement accompanied by additional strain, 
i.e. relaxation takes place. 

The surface density of the wall and point 
defect interaction forces at small displace- 
ments R may be considered to be proportional 
to this displacement 

f=aR. (1) 

The calculation [2J showed that the relative 
modulus defect A for a <? misgiven by 

where fl is the orientation factor, A is the do- 
main wall surface area per unit volume, s is 
the elastic shear compliance constant. 

The coefficient a depends in magnitude 
on the nature of interaction of domain walls 
and point defects. We shall find this coefficient 
assuming that the interaction is of electrostatic 
nature. 

Accidental deflection of a domain boundary 
from the position symmetrical with respect 
to spontaneous polarization vectors P, of 
the neighbouring domains by the angle 
6<|//2 gives rise to a bound charge at the 
boundary with the density. 

P = ^^PM (3) 

We shall also assume that the crystal con- 
tains point defects of opposite signs, some of 
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them are mobile and the others -motionless. 
For calculation we shall adopt a simplified 
periodic scheme of domain boundary arrange- 
ment, the charges of the neighbouring 
domain boundaries being equal in magnitude 
and of opposite signs (Fig. 2). Then neglect- 
ing the dielectric constant e anisotropy for 
the region -L < x < L we can write the 
equation for the electrostatic potential 


The first moment after the wall displace- 
ment the point defect concentration is given 
by 

c = (5) 

If the interaction energy of a point defect 
and an electric field is far less than kT. i.e. 
when the condition 


dr'* 


q(c-Ca) 

__e_ 

«€l) 

««0 




( 4 ) 



mL 

kTeen 


is fulfilled, we have from equation (5) 


( 6 ) 


Here q and c are the charge and the number 
of point defects per unit volume, respectively, 
fii is the equilibrium concentration in Ihe 
absence of an electric field, £„ = 8-85. 10“'''* 
flm is the electrostatic constant, L is the dis- 
tance between the neighbouring domain 
boundaries, p is the surface density of the 
wall charge. h(x) is the Dirac delta function. 
The first term on the right-hand side of (4) 
is due to the point defect volume charge, 
the second -due to the charge of domain 
walls located at points x = ±LI2 (domain 
boundaries are assumed to be infinitesimally 
thin). The equation (4) holds if domain 
boundaries are in the equilibrium positions. 


C=, (7) 

Substituting equation (3) into equation (6) 
and taking Pg = Q-25clmK ^ = 1-6 . I0~“'c. 
L- lO-'m. £- 1000, r = 400“K. one can 
see that the condition (6) is fulfilled for 
S>!) < ir^ 

From the equations (4) and (7) at periodic 
boundary conditions we obtain 


c = <0 


2</c„pL 


(- D" sin 


n{2n— l);c 
L 


(2n-l)H 




-.( 8 ) 



Fig. 2. A simplified diagram of 90° domain boundary 
arrangement in a crystal. 


The potential of the electrostatic field in- 
duced by point defects (the field induced by 
domain boundaries being subtracted) obeys 
the equation 


dy,. 

dr- 


<?(f-fo) 


€€„ 


(9) 


Substituting equation (8) into equation (9) we 
obtain 




-I)„sin 3r l 2n- _D^ 


(2/1- I 


ir'^kTee, 


2 ] 


( 10 ) 

If the domain wall is displaced from the 
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equilibrium position by the distance R L, 
the force acting on it due to point defects is 
given by the formula 


where 

c» 



= aR 

- i.lii n 


(II) 


II - 1 


I 


(2/1-1)^ + 


Tr-kTee„ 


2t€j 2TrAT£€„ 


( 12 ) 


If one relaxation time is assumed, rt follows 
from equations 2, 3 and 12 that the internal 
friction peak height is 


di 3 < dat are piezoelectric moduli, D is the 
point defect diffusion coefficient, w is the 
vibration frequency. 

At low concentrations of point defects 
when the condition 


eetikTir'^ 


1 


( 16 ) 


is fulfilled, the internal friction peak magnitude 
and the relaxation time are given by 


Q 


-1 

max 


l(d-.a - day)\\iL^Ci^ 
TT-'eWkTs 



(17) 

(18) 


Q 


in. Ik “ 'i' 


Till 


'Gr 


(8.//)^ 


4sKhi,,L 


Ih 


'lirk Tee,, 


The fulfilment of the condition reciprocal to 
equation 1 6 gives 


(13) 


Qn 


n^ee„s 


(19) 


Another mechanism of internal friction due 
to interaction of charged point defects and 9(f 
domain boundaries was proposed in the paper 
131. Domain boundaries are assumed to be 
motionless. The process of relaxation pro- 
ceeds as follows. Mechanical stresses induce 
piezoelectric charges at domain boundaries. 
As time passes these charges are compen- 
sated by charged point defects diffusing 
towards them. As a result, the electric field 
within the domain changes. This is accom- 
panied by additional deformation of the crystal 
due to inverse piezoelectricity. 

The derivation of internal friction for the 
domain structure represented in Fig. 2 gives 
the following expression 


Q-' 

where 


V(c/,»-c/.ii)V||D 

n'^e^eo^kTs 1 - 1 - 


T 


D 



UtkT 



(14) 

( 15 ) 


t£oAr 

Dqh\,' 


( 20 ) 


The estimations of the internal friction peak 
at high concentration of point defects are in 
good agreement with the experiment[3]. 

In a general case in the presence of 180° 
and 90“ domain boundaries the calculations 
become rather complicated due to inhomo- 
geneity of the induced electric fields. However, 
if the distance between 90° domain boundaries 
is far greater than that of between 180° 
boundaries the contribution of the latter 
into internal friction is estimated using 
formulas (14-20) with the substitution of 
V^ijfor {d;a-d„). 

Now compare the calculated values 
obtained for the above two models of energy 
dissipation. The difficulty in estimating 
the relaxation effect with the first model is 
connected with the fact that the quasi-elastic 
factor K is unknown. However, one can 
estimate the minimum possible value of this 
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factor in the following manner. Crystal 
strain due to domain boundary displacement 
fl^Kffc/u) — 1)^ \a- cannot exceed strain 
calculated by means of the known elastic 
constants {sjDar. Hence, we obtain 



Substituting (21) into (13) and comparing 
with (14) one can see that at .v = 2.10 " 
mW. A-IIL, (4i-r/:n)=4. 10'» c/N, 
10'^ = 0 H ~ IQ-', internal 

friction associated with the vibrating 9(1° 
domain boundary damping is at least a factor 
of 10“ lower than Q ' due to piezoelectricity 
at domain boundaries. 

Thus the second mechanism is likely to be 
dominant. It should he noted, however, that 
while estimating internal friction due to the 
first mechanism only electrostatic interaction 
of point defects with domain boundaries was 
taken into account. Consideration of other 
types of interaction can significantly increase 
the contribution of this energy loss mechanism. 

In an attempt to verify the relaxation 
mechanism we studied the dependence of 
internal friction on the point defect concen- 
tration. I he concentration was changed by 
thermal treatment in different atmospheres. 
Assuming that point defects responsible 
for relaxation are stoichiometric vacancies 
of oxygen and zirconium-titanium it is possible 
to suggest that isothermal annealing in the 
air at ?■ = 950-10(X)° must decrease vacancy 
concentration since such temperatures 
cause extensive evaporation of lead. Anneal- 
ing in the air lasted for I -8 hr. Isothermal 
annealing in a reducing atmosphere must 
lead to the build-up of oxygen vacancy con- 
centration. The same effect may be expected 
from annealing in the atmosphere of saturated 
vapour of lead. We carried out annealing in a 
hydrogen atmosphere at 400-6()0°C for 
0-5-6 hr. Annealing in saturated vapour of 
lead was made in an evacuated quartz 


ampule with lead. The time of annealing at 
about 1 000°C was 1 -8 hr. Building up of 
vacancy concentration may also be expected 
after annealing in a vacuum at elevated 
temperatures. 

Annealing in a vacuum was accompanied 
by constant evacuation through a nitrogen 
trap which prevented the oil vapour of the 
diffusion pump hitting the surface of the 
samples. The temperature of annealing was 
550-600°. the time I -8 hr. a vacuum about 
10 “ torn 

Internal friction measurement at ~ 1 c/s 
was made by Ihe low frequency torsion 
pendulum technique [4]. The samples had the 
shape of prisms with the dimensions 3 x 3 X 90 
mm. The sample relative strain amplitude 
was not more than 1 0'^ 

Internal friction at frequencies about 100 
c/s was measured with flexural vibrations 
using the technique described in paper [4]. 
The samples were plates with the dimensions 
3 X 35 X (0-2 + 0-3) mm. Since sample vibra- 
tions were excited electrostatically one of the 
plate sides was evaporated with aluminium. 

Isothermal annealing in an air atmosphere 
causes the displacement of 140° peak to high 
temperature region and the increase of its 
value (Fig. 3). An opposite effect is observed 



t ig. 3. Intcrnul friction temperature dependence for 
A composition samples annealed in the air at T IOOO°C 
for 1 hr-curvc 1, 3 hr- curve 2, 8 hr- curve 3. 
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on the temperature dependence of internal 
friction of the samples annealed in a saturated 
lead vapour atmosphere. After the above 
mentioned thermal treatment the B composi- 
tion internal friction did not change. Anneal- 
ing in a hydrogen atmosphere was made 
on the original B composition and A composi- 
tion samples subjected to preliminary iso- 
thermal annealing in the air at about I000‘’C. 
As a result of this, the temperature dependence 
of the B composition internal friction (Fig. 4) 
shows a relaxation peak. Increasing the time 
of annealing in hydrogen raises the value of 
the peak and causes its displacement towards 
lower temperatures (curves 1-3). A similar 
peak appears for the B composition samples 
after their annealing in a vacuum at the 
temperature of 550°C (curve 4). 



t ig. S. Internal friction temperature dependence for 
A composition samples annealed in a hydrogen atmos- 
phere for I hr -curve 2. 3hr-curve 3, the original 
sample -curve 1. 



t-ig. 4 Internal friction temperature dependence for 
8 composition samples annealed in hydrogen at T = 
S.SIft' for I hr -curve I. 3hr-curvc 2, S hr -curve 3, 
and in a vacuum at T = for 6 hr - curve 4. 


Increasing the time of annealing in hydrogen 
at .550°C causes displacement of the KG'” peak 
of the A composition samples towards lower 
temperatures (Fig. 5, curves 2,3). Annealing 
in the air of the B composition samples 
subjected to preliminary thermal treatment in 
a hydrogen atmosphere causes decrease of 
the peak and its displacement to high tempera- 


ture region. The peak disappears in the 
process of annealing for 8 hr. If the annealing 
is made in a vacuum for the same period of 
time the peak does not disappear. 

At temperatures about 1000'’C extensive 
evaporation of lead from the lead zirconate- 
titanate samples takes place. It decreases the 
number of stoichiometric vacancies and 
according to (15) this causes increase of the 
relaxation time and peak displacement 
towards higher temperatures. 

Annealing in an atmosphere of lead satur- 
ated vapour gives the opposite effect, since 
it is accompanied by building up the stoichio- 
metric vacancy concentration. 

long-term high-temperature annealing in 
the air may evidently give rise to lead vacan- 
cies, especially in B composition samples. 
However, corresponding relaxation peaks 
were not found . The reduction of samples in 
a hydrogen atmosphere at a temperature of 
550°C builds up the concentration of point 
defects which may be oxygen vacancies and 
hydrogen ions. It is seen in Fig. 4 that the 
internal friction curves of the B composition 
reduced in hydrogen show a peak, the concen- 
tration dependence of which is in good agree- 



INTERNAL FRICTION IN FERROEl.ECTRICS 


1791 


ment with the second model. The higher 
concentration of point defects (Fig. 5) may 
also account for the displacement of the 140° 
peak towards lower temperatures after the 
reduction in hydrogen. The lower concentra- 
tion of point defects caused by the annealing 
of the reduced B composition samples in the 
samples in the air at T = 550-600°C leads to 
the decrease of the peak height and to its 
displacement towards higher temperatures. 
Annealing in the air for 8 hr causes complete 
disappearance of this peak. It may be ex- 
plained by the decrease of the vacancy 
number due to the absorption of oxygen or the 
isolation of hydrogen. The conservation of 
the peak in the reduced sample in the process 
of annealing in a vacuum for 8 hr (the tempera- 
ture is 550°C) indicates that it is due to inter- 
action of domains with oxygen vacancies. This 
is confirmed by the appearance of a small 
150° peak on Q~'{T) for the B composition 
samples subjected to a 6 hr annealing in a 
vacuum ( Fig. 4 curve 4). 

The internal friction concentration depen- 
dence obtained experimentally is in qualitative 
agreement with the data calculated by means 


of the second model. According to (14-20) as 
the point defect concentration builds up the 
peak on the Q^'iT) curve becomes higher 
at first and then reaches saturation. In the 
latter case the peak is displaced towards 
lower temperatures. This dependence of the 
displacement of the peak on the point defect 
concentration is specific only for the given 
mechanism. Actually, the internal friction 
peak due to point defect ditfusion to the vibrat- 
ing domain boundaries must shift towards 
higher temperatures as the concentration 
builds up in the same manner as it takes place 
in the process of dislocation damping[5, 6]. 
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Abstract - A series of seven major peaks in the acoustical absorption spectrum of Nb-H alloys has 
been seen between 3(I-400"K. Some of these are altribulcd to elfecls that occur in Ihc bcc solid solu- 
tion. olheis to phenomena associated with the hydride 


1. INTRODUCTION 

Alloys of Nb wiih H form an extensive solid 
solution at temperatures above 500°K. Studies 
of equilibrium of solid Nb-H alloys vyith H... 
gas show Sievert's law to be obeyed in dilute 
alloys; hydrogen thus enters solution atom- 
ically dispersedfl |. The sites into which it 
goes are presumed to be the tetrahedrally co- 
ordinated sites of type (n/4, 0. 0). Six such 
sites exist for each lattice Nb atom; the pos- 
sibility therefore exists that ordering of the 
hydrogen atoms among these sites may occur 
under certain conditions. Indeed such ordering 
has been observed in Ta-H alloys |2, 3]. 

At temperatures just above room tempera- 
ture the phase diagram is controlled by the 
existence of a monohydride showing an ex- 
tensive range of stoichiometry about the I ; I 
ratio. An anomalous phase change around 
75°C has been resolved by Walter and 
Chandler to be a eutcctoid decomposition 
line[41. The phase diagram they report is 
sketched in big. I. The hydride NbH has an 
orthorhombic unit cell which departs only 
slightly from the parent bcc crystal from 
which it forms upon hydrogenation [5|. 


•Visiting Scientisl, North Americiiii Rockwell Cor- 
poration Science Center. Thousand Oaks, Calil . U.S.A. 

tOne of the authois (Charles Wert) acknowledges as- 
sistance from the U.S Atomic Energy Commission, 
Contract AT( 1 1 - 1 )- 1 198 in carrying out parts of this work. 


Many other features of the system are 
known and many effects of changes of mech- 
anieal properties of Nb after hydrogen addi- 
tion have been observed. Those observations 
which bear on the present work will be pre- 
sented at appropriate points. 

The present investigation was undertaken 
to see if anelastic measurements could aid 
in the understanding of the Nb-H alloy system 
and of some of the property changes observed 
by other authors. 

2. MATERIAL.S AND MEA.SUREMENTS 

Three specimens of Nb metal were used. 
They are labelled as follows: Nbl, a |100] 
single crystal having a resistivity ratio of 
about 400 aftergrowth. Microscopic examina- 
tion showed it to contain a tine precipitate 
(which we believe to be either an oxide or a 
carbide): Nb2. a polycrystalline rod of elec- 
tron-beam-melted stock; Nb3, a polycrystal- 
line rod of commerical purity (containing 29 
ppm hydrogen by weight). Since no effects of 
purity were seen and since all observations 
on all specimens can be fitted into a consistent 
scheme, no attempt was made to further 
characterize the purity of the three (rather, 
a continuation of the work is being made on 
several well characterized single crystals of 
vanous orientations). All specimens were 
about 0-25 in. in dia. and 5-0 in. in length. 
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H/Nb wl ppm 



The internal friction measurements were 
made at about 13 kHz (or 39 kHz) between 
2()-4.50°K. The apparatus used was the self- 
regenerative oscillator described earlierlb] 
in which longitudinal vibrations are used. 
Automatic data acquisition permitted the 
recording of frequency, strain amplitude, 
internal friction and temperature as frequently 
as once every 20 sec. Since the rate of change 
of temperature could be made as slow as 0-2 


deg/min in any temperature range, great 
detail of sharp relaxation peaks could be 
observed. The instrumental background 
damping was very low -of order 6 -s 4 X 10"* 
-hence small variations in damping could 
be observed. 

3. OVERALL DAMPING SPECTRUM 
-Seven major damping effects were observed 
in this study. They are sketched in Fig. 2. 



Fig. 2 . Skelch of acoustical damping spectrum between 20-400°K. 
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From the lowest temperatures they are the 
following: 

(1) A damping peak around 40°K. This is 
presumably the same peak observed in de- 
formed Nb by Massolai and Nuovo and called 
by them the (T-peak[7|. They observed it at 
slightly lower temperatures, however (around 
30“K). 

(2) A peak at about I00°K first reported by 
Cannelli and Verdini and asserted by them to 
be the Snoek peak of H [8|. Discussion of this 
peak will be made at a later point. 

(3 1 The «-peak at I7()°K reported by 
Chambers and Schult/(9]. by Bruner[10], 
by Bordoni, Nuovo and Verdini[lll and 
others. 

(4) A striking peak at about 220-230°K 
which we call the precipitate peak, (It will 
be discussed later.) 

(5) A very sharp spike at 230°K. 

(6) A peak at 310°K which may be the li- 
peak of Bruner|IO] and Chambersf9) and 
others. This is a highly symmetrical peak. It 
seems to wander about in temperature a little. 
Cold work is not required for its presence, and 
we believe it is associated with H in Nb. We 
have not yet been able to specify the heat 
treatment necessary to produce it. however. 

(7) A sharp peak at about 36()°K which is 
apparently associated with the eutcctoid 
phase transformation. 

Many more small peaks were observed 
below room temperature under certain condi- 
tions. They are not considered further in this 
paper. The existence of the many peaks in the 
dilute alloys we used (always less than 0'2.‘i 
at% H) can only be accounted for by inhomo- 
geneities inherent in the absorption or desorp- 
tion of hydrogen during specimen preparation 
or treatment. 

4. THE o-PEAK 

We observed this peak in only one specimen, 
Nb3-the commercially prepared rod -which 
we first measured without further heal treat- 
ment. It produced the a-peak but not a Snoek 
peak. We assume that it had been cold-worked 


during manufacture. This measurement of the 
a-peak fits well with earlier observations of 
the position of this peak, as shown in Fig. 3 
[9-12]. 

After an anneal in vacuum for several hours 
at 9()fl°C. the a-peak was gone but the Snoek 
peak, shown in Fig. 4. had appeared. Whether 
there is a causal relationship between the 
two events is not clear to us at this time. We 
assume that this vacuum anneal was sufficient 
to remove much of the hydrogen and destroy 
the structure which produced the a-peak. 
However, we assume that it was not sufficient 
to remove all the hydrogen. 

5. THE PRECIPITATE PEAK 

The new peak structure we identify as the 
precipitate peak is distinctly not the a-peak. 
It occurs at a considerably different tempera- 
ture from the a-peak for the same measure- 
ment frequency with entirely different charac- 
teristics. 

(a) It is a broad peak, being at least I00°K 
wide -much loo wide for a single relaxation 
process. Fig. 

(b) The height of this peak is about a linear 
function of hydrogen concentration. (Com- 
pare the heights in Fig. 5. Although these 
data do not show strict linearity, further meas- 
urements over a much wider range of composi- 
tion show good linearity.) It is also hysteretic 
-upon heating a specimen to high tempera- 
tures; i.e. 400'’K or above, it disappears, to 
gradually reappear after low temperature 
aging. The kinetics of aging are presently 
under investigation. These results will be 
given in another publication. 

(c) We have not measured its shift in tem- 
perature with frequency but from its position, 
we expect it to have an activation energy of 
about 9000 cal/mol. This value is remarkably 
close to the value obtained for absorption of 
hydrogen by Nb as measured by Albrecht, 
Goode and Mallett[13] and by Oakwood and 
Daniels [14] and for several measurements of 
activation energy for mechanical processes 
(15,16]. 
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I ig C rhc ptiMlion of ihc o-pcak in lempcraliire for a niimhei of 
measiiremenls 


We toiicliide lh;U this may be a relaxation 
which occurs within the hydride since the 
magnitude of the peak is a linear function 
of the initial hydrogen concentration. It is 
perhaps caused by diffusion from site to site 
of H atoms in the hydride and the apparent 
activation energy of 9000 cal/mole may be 
that for diffusion of H in the hydride. Other 
explanations for the peak’s origin have not 
as yet been excluded, however. 

6. THE SNOEK PEAK 

Wc have made at least a dozen measure- 
ments of the Snoek peak under various condi- 
tions of H doping. The damping is never larger 
than ff = 2 X 10 Wc assume that this level is 


due to the excess H concentration in equili- 
brium with the hydride, but do not yet know 
the specific damping factor, f or frequencies 
near 13 kHz the Snoek Peak is near the tem- 
perature reported by Cannelli and Verdini; on 
the average, our peak temperature is a few 
degrees lower than theirs. We assume that 
their activation energy of 4130 cal/mole 
tO-lSeV) is about correct. Further corrobora- 
tion of this value is available from the nuclear 
magnetic resonance data of Zamir and Cotts 
for line narrowing in Nb-H alloys[17]. They 
obtain, for their dilute alloys, an activation 
energy of about 3700 cal/mole (0-16 eV). 

Measurement of long range diffusion of H 
in Nb around 500°K by relaxation methods 
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yields values of activation energy distinctly 
lower than the numbers just cited -values 




Fig. .V The prceipiUile pc;ih und the sharp spike al atic- 
qucncy of n,yOOc/s the insel shows the deliul of the 
spike for a typieal measuremenl. 


around 2500cal/mole (about O lleV) have 
been reported [18-20], Similarly, observa- 
tions of quench aging of Nb-H alloys made 
by Sasaki and Amano at about 100°K yield 
an activation energy of about O lleV [2 1], 

Clearly a discrepancy exists between these 
groups of measurements well outside the prob- 
able error of each. The answer to this dilemma 
does not seem evident. 

7. THE 2.R)° SPIKE 

This spike, seen for all three specimens, is 
a real effect and is not an instrumental artifact. 
It is seen for alloys of all compositions of H. 
Sec Fig. 5. Its breadth is about 1°K as shown 
in the inset of Fig. 5, and is hystcretic. It 
occurs at about 205° with decreasing tempera- 
ture and about 230°K with increasing tem- 
perature. A measurement of the outgassed 
specimen at 39 kHz, (the third harmonic) 
showed it at the identical temperature, al- 
though the Snoek peak caused by residual 
hydrogen had shifted appropriately. A meas- 
urement at I Hz in a torsional pendulum shows 
it at about 236°K. 

We believe that this effect is caused by a 
transformation (perhaps martensitic) in the 
bcc solid solution ( not in the hydride). 

8. THE EUTECTOID PEAK 

Damping peaks are known to be present 
near phase transformations. This system is no 
exception and an example of such a peak in 
this system is shown in Fig. 6. The peak is 
not precisely at the lempeniture of the cutec- 
toid given by Walter and Chandler (74°C) 
being a few degrees higher. The NMR ob- 
servations of Zamir and Cotts would also put 
the eulecioid temperature nearer to 90° than 
to 74°| 17] Nevertheless it seems evident that 
the eutectoid must lie between 70-90°C. 

9. SUMMARY 

Alloys of Nb with H have a rich acous- 
tical absorption spectrum. Some of these 
absorption lines are apparently caused by 
effects in the hydride, others in the bcc solid 
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solution. A great deal of useful information 
can appiirenlly be deduced from interpretation 
of these phenomena, f urther experiments are 
currently in progress. 
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SNOEK RELAXATION PEAKS IN SOLID 
SOLUTIONS OF NIOBIUM 
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Abstract- A detailed study has been carried out of the broadening effect of Snoek peaks due to oxygen 
and nitrogen in niobium. It is shown that the broadening is due to the presence of subsidiary Snoek 
peaks caused by the stress-induced migration of interstitial atoms associated In pairs and triplets. It is 
suggested that the stress-induced migration of interstitial atoms associated in pairs and triplets in- 
volves single atoms only, whilst the other atoms remain in their original positions. The present results 
indicate that clusters containing more than three atoms do not cause relaxation peaks. 


1. [NTRODUCTION 

The properties of bcc transition metals vana- 
dium, niobium and tantalum (Group VA 
metals) are strongly affected by intersitial 
impurities such as oxygen, nitrogen, carbon 
and hydrogen. Niobium can dissolve compara- 
atively large quantities of oxygen [1.2] and 
nitrogen|3] to form interstitial solid solutions. 
The Snoek peaks [4], caused by the stress- 
induced migration of oxygen and nitrogen 
atoms situated at the octahedral sites in the 
niobium lattice, are well documented[5, 6). 
At low concentrations these peaks occur at 
157 and 289°C respectively at a frequency of 
I Hz, At comparatively higher concentrations 
of the interstitials, the experimentally deter- 
mined Snoek peaks are broader on the high 
temperature side, and are shifted to slightly 
higher temperatures [7]. This broadening 
effect can be attributed to additional relaxa- 
tion peaks arising from the stress-induced 
migration of the interstitial atoms associated 
with other atoms in pairs, triplets or clusters 
of higher order[8]. 

Powers and Doyle [7] separated Snoek 
peaks due to oxygen and nitrogen in tantalum 
into two constituent peaks. The first peak was 
attributed to the relaxation of single.^unassoci- 
ated atoms, and the second peak to atoms as- 
sociated in pairs. Keefer and Wert [9, 10] 
reported similar evidence for interstitial clus- 


tering in iron-nitrogen and iron-carbon alloys. 
They reported the presence of pairs and trip- 
lets of interstitial atoms in addition to unas- 
sociated atoms. More recently Gibala and 
Wert|8] reported detailed investigations of 
cluster formation in niobium containing O’l- 
l-5at% oxygen. They observed relaxation 
peaks due to pairs, triplets and quadruplets of 
oxygen atoms. Besides the association of like 
atoms, oxygen-nitrogen pairs have also been 
observed in niobium [1 1, 12J. It appears useful 
to study the nature of these clusters, as they 
are likely to have appreciable effect on the 
mechanical behaviour of these metals [13] 
particularly in the case of substitutional alloys 
114], 

In this paper an extensive internal friction 
study is reported on niobium-oxygen and 
niobium-nitrogen alloys containing various 
amounts of the interstitial impurities. The ob- 
ject of this investigation is the decomposition 
of experimentally measured internal friction 
spectra into constituent peaks and their inter- 
pretation in terms of elastic interactions of 
interstitial atoms. 

2. MATERIAL AND EXPERIMENTAL PROCEDURE 

2.1 Mater ml 

The material used in this investigation was 
Murex electron-beam-refined niobium wire 
l•25mm in dia. in the as drawn condition. 
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The chemical analysis, as supplied by the 
manufacturers, is given in Table 1. Although 
exceptional conditions exist for purification, 
doping and control of interstitials in niobium, 
it is nevertheless extremely difficult to pre- 
pare specimens containing only one type of 
interstitial. In view of this fact, specimens 
were first prepared with the lowest possible 


Table 1. Analysis of 
electron-beam refined 
niobium 


Element 

ppm‘ 

(txyiien la) 

S^O-M.SO 

Oxyiien Ibl 

2600- ,1200 

Nilrogen lul 

260-400 

Nili'ii(jcn (h) 

800-9.10 

( .irhoii 

77 

Hyilioycn 

400 

1 iinialiiin 

410 

/.iiconnim 

Uacc 

lion 

8.1 

[ il.iniiim 

194 

Silicon 

1.10 


' hi lhl^ piipci ppm 
\l;in(ls for alomic parts 
pci million tiiilcss other- 
wise staled 


levels of oxygen and nitrogen, and then with 
varying amounts of one of the interstitials, 
while mainttiining the other at the lowest pos- 
sible level. The ;is-received wire was treated 
in the following way: (a) Cold swaged from 
1-2? 10 ()-76 mm in dia. (h) Annealed by direct 
resistance heating at about 2200°C in adyna- 
mic vacuum of 10 ’'-10'" torr to outgas and 
reduce the carbon content, (c) Oxygen or ni- 
trogen chtirged (in the same furnace), in atmo- 
spheres of these gases at various pressures, 
at 1200 and I500T respectively, (d) Homog- 
enised for I.S-30min at l.300“C'and 1600T 
respectively under dynamic vacuum of the 
order of 10 •’’-10“" torr. 

2.2 Lsperiinenlal procedure 
Measurements were earned out in a Ke 
ype torsion pendulum[15] with specimens in 


the form of a wire (0'76mm dia. and 25 cm 
long) operating at a frequency of about 1 Hz. 
Measurements were taken on heating at a rate 
of about rC/min. Oxygen and nitrogen con- 
tents of test specimens were determined by 
the miero-vacuum-fusion technique. 

2.3 Analysis of the experimental data 
The experimental internal friction spectra 
required an accurate decomposition into con- 
stituent peaks. The major part of the present 
study, therefore, involved the separation of 
overlapping peaks, and the determination of 
the number of relaxation processes, with the 
help of a computer, using an Algol program 
based on the Gauss least squares algorithm. 
The program was based on the standard cqua- 
tion;- 


sech 


%r 


( 1 ) 


Where 5 is the logarithmic decrement at a tem- 
perature T{°K). Q the activation energy of the 
relaxation process. 8n,«x the height of the 
peak occurring at temperature Tp, and R the 
ideal gas constant. 

The separation of each spectrum into con- 
stituent peaks was obtained by iterating for 
n individual processes each with three vari- 
ables (8„,ax. Q and Tp) until the best fit was 
attained. 


3. RESULTS 

.3.1 Niobium-oxyuen 

Kor specimens containing up to about 
300-400 ppm oxygen, the oxygen Snoek 
peaks consisted of only one relaxation peak 
|4|. However, for concentrations between 
about 400 and 2500 ppm the experimental 
spectra consisted of two constituent peaks. 
The new peak occurred at a higher tempera- 
ture than the main oxygen Snoek peak, In the 
case of oxygen contents higher than 2500 
ppm. the experimental spectra could only be 
separated into three constituent peaks. The 
third peak again occurred at a higher tempera- 
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lure than the second peak. An internal friction 
spectrum, decomposed into constituent peaks, 
of a specimen containing 8000 ppm oxygen is 
shown in Fig. 1. Besides the three constituent 
peaks (0, 0-0 and 0-0-0), the internal 
friction spectrum contains the nitrogen Snoek 
peak (N) and another 5 small peak (O-N) 
which always occurred in specimens contain- 
ing appreciable amounts of oxygen and 
nitrogen. 

The variation of the heights (Smax) of the 
three constituent peaks with oxygen concen- 
tration is shown in Fig. 2. F rom the log-log 
plot it is apparent that the heights of these 
peaks vary with the concentration of oxygen 
to power 1, 2 and 3 respectively. 

3.2 Niobium-nitrogen 

Analyses of the experimental internal fric- 
tion peaks of niobium-nitrogen binary alloys 
revealed that the appearance of extra peaks, 
at temperatures higher than that of the main 
nitrogen Snoek peak, follows the same pattern 
observed in niobium-oxygen alloys, A typical 
complex spectrum of niobium containing 3820 
ppm nitrogen, decomposed into the consti- 



Fig 1. Oxygen and oxygen-oxygen inleraclion Snoek 
peaks in niobium. 



Fig 2 . Vunalion of Snoek peak hcighK due to singles, 
pairs and triplets of oxygen atoms in niobium 


tuent peaks (0,0-N, N,N-N and N-N-N). 
is shown in big. 3. Peak heights of the 
constituent peaks (N. N-N and N-N-N) are 
plotted in Fig. 4 against nitrogen concentra- 
tion on a log-log scale. From the figure it can 
be seen that, as in the case of oxygen, the 
heights of these peaks vary with concentra- 
tion of nitrogen to power 1 , 2 and 3 respec- 
tively. 

3.3 Activation energy of relaxation processes 
It is assumed that the relaxation processes 
causing the constituent Snoek peaks of the 
internal friction spectra studied obey the 



Fig 3. Nitrogen and niliogen-nilrogcn inteiaciion Snoek 
peaks m niobium. 
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F-ie. 4. Vurialion of Snoek peak heights due to singles, 
pairs und triplets of nitrogen atoms m niobium. 

Arrhenius equation: /=/, exp {-QIRT). 
where / is the applied frequency. /,, the ‘at- 
tempt frequency’. Q the activation energy, 
R the gas constant and T the peak tempera- 
ture in °K. 

The activation energy for the process caus- 
ing each constituent peak was determined 
by plotting the logarithm of applied frequency 
against the reciprocal of the corresponding 
peak temperature (Fig. 5). Attempt frequencies 
were then calculated in the usual manner. 
Relaxation rate parameters of the processes 
studied are summarized in Table 2 together 
with the average activation energies calculated 


by the computer for the best fit to the experi- 
mental data. The probable errors in Q and /, 
were ±300 cal mol“' and ±lxlO'“Hz re- 
spectively. It can be seen from Table 2 that 
the experimental and the calculated activation 
energies are in good agreement, thus lending 
support to the method used for the decomposi- 
tion of the complex peaks. 


4. DISCUSSION 

The appearance of extra peaks with in- 
crease in concentration of either oxygen or 
nitrogen (Figs. I and 3) indicates some form 
of association between the interstitial atoms. 
It is clear from Fig. 2 that the Law of Mass 
Action holds for an equilibrium between 
oxygen, singles, pairs and triplets of oxygen 
atoms in the niobium lattice. Slope I (Fig. 2) 
shows that up to about 1000 ppm, the height 
of the peak 0 (Fig. 1). which is due to stress 
induced migration of unassociated oxygen 
atoms [4], is proportional to oxygen content. 
Slope 2 (Fig. 2) indicates that for oxygen con- 
tents ranging from about 400 to 2500 ppm, 
the height of the peak 0-0 (Fig. 1) is a qua- 
dratic function of the oxygen concentration. 
Therefore, the relaxation process 0-0 caus- 
ing the peak is due to stress induced migration 
of oxygen atoms associated in pairs. Similarly 
Slope 3 (Fig. 2) shows that the height of the 
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Fig. 5. Plot for the catculalion of activation energies for 
Snoek peaks in niobium. 
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Table 2. Relaxation rate parameters of oxygen, nitrogen and their 
interaction Snoek peaks in niobium 


Process 

Peak temperature 

Activation energy 


(at 1 H/) 


(Q X 10- 

’cal mol '1 

Attempt frequency 



{°C) 

Frequency 

Computer 

(/,xlO-'»Hz) 


\ T 7 


shift 

calculated 


0 

2' 325 

137 

26-5 

26-6 

3-6 

0-0 

2-26 

170 

280 

278 

5-9 

0-0-0 

211 

200 

29-5 

29-2 

3-2 

0-N 

201 

223 

31 t 

31 0 

4-5 

N 

1-78 

289 

34-9 

350 

4 5 

N-N 

1-73 

305 

36-5 

36-2 

5-3 

N-N-N 

163 

340 

37-7 

38-0 

3-7 


peak 0-0-0 (Fig. I) is a cubic function of 
the oxygen concentration, and that the re- 
laxation process is due to stress-induced 
migration of oxygen atoms associated as trip- 
lets. In an analogous manner, with reference 
to Fig. 4, we interpret that peaks N,N-N and 
N-N-N in Fig. i are due to stress- induced 
migration of unassociated nitrogen atoms, 
and atoms associated in pairs and triplets 
respectively, 

A peak due to quadruplets of oxygen atoms, 
reported by Gibala and Wert [8], was not 
found 111 niobium-oxygen binary alloys up to a 
concentration of 12,000 ppm oxygen. Further- 
more, a peak due to quadruplets of nitrogen 
atoms was also not observed in niobium-nitro- 
gen alloys up to 6400 ppm nitrogen. The peak 
which Gibala and Wert [8] interpreted as being 
due to quadruplets of oxygen atoms, could be 
equally well interpreted as an oxygen-nitrogen 
interaction peak [11,12]. This peak was always 
observed in the present study, but it will not 
be further discussed in this paper. Its detailed 
investigation will be published elsewhere. 

Since a relaxation peak due to interstitial 
atoms associated in quadruplets was not ob- 
served in the present study, it may be assumed 
that atoms in clusters consisting of more than 
three atoms do not take part in relaxation. 
Probably, these small or medium sized clust- 
ers lead to nucleation and precipitation of new 
phases. This assumption is supported by the 
fact that the presence of precipitated nitrides 


was observed microscopically in alloys con- 
taining more than 5000 ppm nitrogen. Jones 
et £t/.[16] reported the existence of oxygen 
clusters of at least 250 A in diameter in ni- 
obium containing 3300 ppm oxygen. At this 
concentration, it appears difficult to justify 
the presence of such large clusters in terms of 
the present study. 

Attempt frequencies of the relaxation pro- 
cesses due to stress-induced migration of 
interstitial atoms from pairs and triplets are 
within experimental error, of the same magni- 
tude (4-3XiO‘“) as those of stress-induced 
migration of unassocialed atoms (Table 2). 
This indicates that the relaxation processes 
involve single atomic jumps to the preferred 
sites 14]. The migrating atom will move within 
the constraint provided by the presence of the 
other atoms in the cluster. For this reason the 
relaxation times of singles, pairs and triplets 
differ, and the corresponding relaxation peaks 
occur at different temperatures (Table 2). 

The present work demonstrates the exis- 
tence of attractive interactions between in- 
terstitial atoms. These interactions appear to 
be adequately described by the elastic models 
(17-19]. 

5. CONCLUSIONS 

(1) It has’ been shown that the Snoek peaks 
due to oxygen or nitrogen in niobium consist 
of (a) a single peak for concentrations up to 
about 350 ppm of either oxygen or nitrogen, 
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(b) two peaks for concentrations between 
350 and 2500 ppm. and (c) three peaks for 
concentration higher than 2500 ppm. 

(2) The relaxation peaks are due to stress- 
induced migration of unassociated intersti- 
tial atoms, and like atoms associated in pairs 
and triplets respectively. 

(3) In addition, there is always a peak due 
to the association of unlike atoms of oxygen 
and nitrogen when both interstitials are pres- 
ent in the specimen. 

(4) It is believed that the migration of atoms 
associated in pairs and triplets involves only 
one atom migrating under the influence of the 
companion atoms which remain stationary 
in the cluster. 

(5) The pre.sent results indicate that clusters 
containing more than three interstitial atoms 
do not cause relaxation. 
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Abstracl-The properties of the elastic dilTusional relaxation processes of H and D in V and Nb are 
summarized. Results on the diffusion coefficients for both isotopes m these metals are also presented 


1. INTROnilCriON 

We have shown previously [1-21 that point 
defects like interstitial atoms give rise to a 
long-range diffusional relaxation process 
(Gorsky effect) if two conditions are fulfilled: 
The point defects must cause lattice distor- 
tion, which changes the volume of the host 
lattice and they must have relatively high 
mobility at accessible temperatures. Then if 
a gradient in dilatation is applied to the sample 
the point defects will follow this gradient. A 
gradient in defect concentration builds up in 
the sample with a time constant which is a 
simple function of the diffusion coefficient of 
the point defects and the sample diameter 
squared. Macroscopically a change in the 
concentration manifests itself as an anelastic 
strain. The high mobility is necessary because 
the defects must migrate over distances of half 
the sample diameter. Changes in sample 
thickness between 10 /x and .f mm cau.ses 
changes in the relaxation time of 5 orders ol 
magnitude. Therefore by adjusting the sample 
diameter the diffusional relaxation process 
can be observed either dynamically or by 
static relaxation experiments, furthermore 
relaxation times of 10^ sec are still manageable 
in static experiments. Therefore by a proper 
choice of sample thickness roughly 9 orders of 
magnitude in relaxation time are available. 

In this paper we give a brief survey of the 
experimental properties of the diffusional re- 


laxation process for hydrogen and deuterium 
in several metals as determined by strain 
relaxation experiments. We will summarize 
results for dilute solutions, for which inter- 
action between the solutes is negligible A 
more extensive description of experiments 
and results will be published elsewhere [3). 

The systems H in V or Nb have several 
advantageous features and bear several 
interesting aspects’ These metals have large 
solubility for hydrogen and deuterium. There- 
fore the concentration of these interstitials 
can be varied over a wide range. We have 
measurements on Nb between ()-2-40at%H 
[1-6]. The maximum concentration is 
89at% but increasing brittleness probably 
will set a lower limit for elastic measurements, 
furthermore from NMR measurements [7] 
it was expected, that c.g. H in Nb has a large 
diffusion coefficient although the absolute 
value was not known reliably. Diffusion co- 
efficients in these systems are difficult to 
measure. The experimental technique of 
permeation commonly suffers from surface 
problems not easy to control. 1 he possibility 
of measuring the isotope dependence of the 
diffusion constant was another reason for 
choosing these systems. The isotope depend- 
ence is of particular interest since de^viations 
from the high temperature value V2 can be 
expected due to the low temperatures in our 
experiments (160-600°K) compared to the 
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Einstein temperature (T « 1400°K for H in 
Nb) for the localized mode of H in solution. 
The energy levels of H in solution have been 
determined by inelastic neutron scattering. 
The first level was found at 0- 1 1 eV for H in 
Nband012eVforHinV[8]. 

2. PROPERTIES OF THE DIFFUSIONAL 
RELAXATION PROCESS 

(a) Linearity and reversibility 

The anelastic strain increases linearly with 
stress and the relaxation time is independent 
of stress. Non-linear behavior of the diffu- 
sional relaxation can be expected close to the 
critical point of hydrogen.* Such a nonlinear 
elastic response would be analogous to the 
nonlinear susceptibility at the Curie point of 
aferromagnet. 

The anelastic strain is reversible at room 
temperature certainly within 95 per cent. This 
limit of observation is imposed by electronic 
drifts and by a small but observable disloca- 
tion background. 

(b) Time dependence oft he strain relaxation 

The diffusional relaxation with which we 

are concerned obeys a simple exponential 
time law with one relaxation time. Examples 
of strain relaxation curves are published in 
Ref. (6). l or the corresponding internal 
friction peak one therefore expects the natural 
width, as has been confirmed recently[10]. 
This is quite unusual for elastic aftereffect and 
internal friction work, especially since the 
process is diffusion controlled. It has been 
shown by theory [1 1] which has been formu- 
lated analogously to Zener's theory for ther- 
moelastic damping [1 2], that the relaxation 
process indeed consists of a spectrum with 
different relaxation times, but that the relaxa- 
tion strength of the component with the largest 
relaxation time amounts to 98 per cent of the 
total relaxation strength. In contrast to the 
orientation relaxation process the diffusional 
relaxation obeys still a simple exponential law 

*The phase diagram for H in Nb has been discussed 
previously 1 9). 


for high particle densities, for which inter- 
action plays a role [6], The reason for this 
difference is the averaging procedure resulting 
from the large number of jumps involved in 
the diffusional relaxation. According to theory 
[5, 12] the relation 

13-55DT = rf'‘ (1) 

between the diffusion coefficient D and the 
relaxation time t should hold for a cylindrical 
specimen with the diameter d. Experiments 
have verified very well the predicted d^- 
dependence of the relaxation time, thus con- 
firming, that the diffusion process proceeds 
over the whole sample diameter and not be- 
tween grains. This latter process can be ex- 
luded for the following reason as well; The 
samples had a bamboo structure with single 
crystals longer than sample diameter. 

(c) Relaxation strength 
For small concentrations theory [11] pre- 
dicts a relaxation strength proportional to the 
density of H atoms, to the reciprocal tempera- 
ture and to the trace of the dipolemoment 
tensor squared. The latter quantity deter- 
mines as well the lattice parameter changes 
caused by hydrogen. Therefore from such 
measurements|13-15] the absolute value for 
the relaxation strength Ag can be predicted. 
The experiments show good agreement with 
the predicted density and temperature de- 
pendence and even consistency with the pre- 
dicted absolute value. The latter has large 
error bars due to scatter in the lattice par- 
ameter measurements. Therefore we feel that 
from the results of our experiments 

Af;= (l-7±0-2) • 10-Vlat%HorDin 
Nb and V at 300°K 

the trace A -b 2B of the dipolemoment tensor 
can be determined with more accuracy yield- 
ing the following result for H in Nb; A-b 2B = 
(10-8 ±0-6) eV and for H in V; A-b2B = 



DIFFUSIONAL RELAXATION OF H AND D IN V AND Nb 


1807 


(9 0±0-6) eV, Theoretically one may expect 
a small difference for A + 2B for H and D, but 
this has not yet been resolved experimentally. 

(d) The diffusion coefficient 
The diffusion coefficient can be derived 
absolutely with the help of equation ( 1 ) from 
the experimentally well defined relaxation 
time. Figure I shows an Arrhenius plot for 
H and D in Nb, V. The concentrations were 
below 2at%. The data published in Ref. [1| 
are included after a small correction for con- 
centration dependence has been applied {5]. 
To avoid precipitation at low temperatures 
the measurements for H in Nb below 250°K 
were performed on a sample loaded with 0-2 
at%H. Two points are included in Fig. 1 
which have been measured by Gissler et at. 
[16] by quasielastic neutron scattering. The 


agreement is very good, especially if one 
takes into consideration that in both tech- 
niques no adjustable parameter is involved. 
For comparison in Fig. 2 the diffusion coeffi- 
cient for H in Nb and H in V is plotted to- 
gether with data for O and N in Nb[17] and 
for C in a-iron|18]. It should be pointed out 
that in a l/T-scale the range of our data for FI 
in Nb is comparable with that for C in a-iron. 
Yet in our case all data points are measured 
with one technique, whereas for C in a-Fe 
at least six different methods had to be used 
( 1 8J. This is nol so much a consequence of the 
versatility of our technique but due to the 
extremely weak temperature dependence of 
the diffusion coefficient of H as compared to 
N or O. Whereas for H in Nb above 300°K 
an Arrhenius plot is still sensible- (with U = 
0-1 i eV), for FI in V a linear temperature de- 



Fig. I . Arrhenius plot of the diffusion coefficients of H and D in 
niobium and vanadium d'w = mean jump rate, assuming octahedral- 
octahedral jumps [ 1 6 ]). 




1808 


J. VDLKl., G. SCHAUMANN and G. ALEFELD 


riKJ 


too ao XU tto 0 -so -w 



l 1 ^:, 2 ( onip.iiisiin nf Ihe dilTiisum coctliciciits of H in niobium ;ind vnn- 
iidiuni (prescnl work) with those of N jnd 0 in niohiiiml 171 and (' in 
(v-lionll8]. 


pendence of D is compatible with the data as 
well, rhe table in big. I shows the slopes of 
the straight line segments and the values of D 
for 7 -* » under the assumption of linear 
extrapolation. Below 300''K the temperature 
dependence of the diffusion coefficient D for 
H in Nb decreases strongly. Absolutely all 
diffusion coefficients in f ig. I are very large, 
e.g. at room temperature I .‘'-20 orders of mag- 
nitude larger than for other interstitials. 
Assuming jumps between octahedral sites 
(for H in Nb this assumption has been con- 
firmed recently ( 16]), the mean jump rate is 
plotted on the right hand side of Fig. 1. The 
jump rates at 3()0°C are comparable with the 
highest lattice frequencies of Nb[l9|. Further- 
more an abnormally large isotope dependence, 
which is even enhanced at low temperatures 
has been found for all systems. It is difficult 
to explain the data in Fig. 1 by classical rate 


theory, A more extensive discussion is given 
elsewhere [3]. It should be pointed out that 
recently PfisterlZOJ found similarly a transi- 
tion from a nearly exponential to a linear 
temperature dependence combined with a 
large isotope effect for the rotational diffusion 
of the O 2 molecule in KCI below 4°K. 
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INTERNAL FRICTION DUE TO LONG-RANGE 
DIFFUSION OF HYDROGEN AND DEUTERIUM 
IN VANADIUM 
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ConsiglioNazionaledelle Ricerche, Istilulodi Aciistita 'O. M. Corhino'. Rome, Italy 
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Abstract -The long-range diffusion (Gorsky effect) of hydrogen and deuterium in vanadium is in- 
vestigated by internal friction measurements in the lemperalure range from 1 10 to 9.30’K ; the vibration 
frequencies are included between 8 and 68 Hz. The diffusion coefficient of hydrogen and deuterium 
obeys an exponential law in a wide temperature range, the preexponenlial factors and the activation 
energies being. (4'4± 1'.5) x IO-*cm'/sec, /),„,= (3-1 ±0-8) X 10 ■> cm'/sec. lF|,= (0-059± 

0-007|cV.fF|,= (0-073 ±fl'006)eV. 


1. INTRODUCTION 

The Gorsky effect due to long-range diffu- 
sion of hydrogen and deuterium in niobium 
has been recently investigated by measure- 
ments of elastic after-effect[l] and of internal 
friction [2]. The above investigations show 
that this anelastic effect is a suitable method 
for studying the diffusion in solid systems with 
highdiffusivity. 

The diffusion of hydrogen and deuterium 
in metals has been the object of several 
investigations [3- 13]; however, the available 
experimental data are insufficient to obtain 
satisfactory knowledge of the diffusion be- 
haviour of these elements. 

In the present paper the Gorsky effect is 
investigated by internal friction measurements 
in the V-H and V-D systems and the diffu- 
sion coefficient of hydrogen and deuterium 
is evaluated over a wide temperature range. 

2. EXPERIMENTAL 

Measurements were made in zone refined 
99-99 per cent pure vanadium supplied by 
Materials Research Corporation. The samples 
were two rectangular thin sheets prepared 
by cold rolling followed by chemical polish- 
ing. Their final dimensions were 5 x I -2 x 
0-0020cm^ (sample 1) and 5-3x l-0x0-(X)16 


cm-' (sample 2). After machining, sheet 1 was 
recrystallized and hydrogen outgassed in 
vacuum {=2xl0”“mm Hg) at 1270°K 
for about 1 3 hr. subsequently it was electro- 
lytically loaded with hydrogen (0-05/1 for 2 
min) and then homogeneized in vacuum at 
490‘’K for I hr; the concentration of hydrogen 
introduced was 61 0 ppm by weight. Sheet 2 
was recrystallized and hydrogen outgassed in 
vacuum (== 2x 10“'’ mm Hg) at 1220‘’K for 
about 43 hr, and subsequently it was loaded 
with deuterium by an alloying reaction with 
99-95 per cent pure deuterium gas at 72 TK 
and 2 mm Hg for 2 hr; the deuterium con- 
centration was 880 ppm by weight. 

The dissipation coefficient Q“' was measured 
as a function of temperature (from = 1 10 to 
« 930°K) at different vibration frequencies, 
corresponding to flexural modes of the sample 
clamped at one end; the measurements were 
made in vacuum (=2xl0“'^mm Hg) both 
after the outgassing and after the hydrogen 
or deuterium loading treatments. The vibra- 
tions were excited and detected by the electro- 
static technique described by Bordoni[14] and 
Nuovo] 15]. 

3. RESULTS 

The dissipation coefficient Q~' of the out- 
gassed specimen 1 is plotted as a function of 
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T "' in Fig. 1 , curve 1 , the vibration frequency 
being 9-6Hz. The two pronounced peaks 
appearing at 2 0 x IQ-^^K ' and 1 -7 x 10-=*°K- ' 
are the Snoek peak due to oxygen and nitro- 
gen, respectively. Curves 2 and 3 of the same 
figure are obtained during the same heating 
run and show the internal friction of the sample 
after the electrolytic hydrogen loading treat- 
ment at the vibration frequencies 9-6 and 64 
Hz, respectively. The extra dissipation ob- 
served between 8-Ox 10 ■‘°K''-3-0 x 10--'°K ' 
in the hydrogen charged specimen, is due to 
the Gorsky effect. 

The internal friction of sample 2 after the 
outgassing and the deuterium loading treat- 
ments IS shown in Fig. 2. where the vibra- 
tion frequencies are 8-0 Hz (curves 1 and 2) 
and 67-6 Hz (curve 3). The Gorsky effect, 


clearly evident in the deuterium loaded 
specimen, is about five times higher than that 
observed in hydrogen doped sample 1 . 


4. DISC[JSSIO^ 

According to the theory of the diffusion 
relaxation process first formulated by Gorsky 
116] and then further elaborated by Alefeld 
et a/.[17, 18], the dissipation coefficient of 
a thin sheet having a constant thickness h is 
given by; 


Q-'iT) 


T-l's 


I 2&ir„ 

iri 1 + ’ 


(I) 


where: 



( 2 ) 



Fig. I. Internal friction m pure and hydrogen doped vanadium. 
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isn 



Ts 


[c_ 



(3) 


9 is a constant, D(T] the diffusion coefficient 
of the moving impurity, w the angular fre- 
quency of the vibrating sample, k the Boltz- 
mann constant, c the impurity concentration, 
c'„, its maximum solubility and LI the inter- 
action energy between impurities. Within the 
limits of experimental accuracy, the contribu- 
tion of higher order terms can be neglected, so 
that equation ( 1) can be approximated by the 
first term; 


Q-'(T) 


9 2fciT| 
T-TsI+(dW 


(4) 


1 n this approximation, 9 represents the maxi- 
mum value of the function {T — Ts)Q '( / )• 
This maximum value is reached at a tempera- 
ture given by the relation: 

COT, = wT„exp^^j = 1. (•'') 

Ts has been estimated by means of equation 


(3) with (,„ = 48’5at%|l91 and t/ = 0^08 eV, 
calculated by the expression given in[181; the 
values obtained for are 6 and 39°K for the 
V-H and V-D systems, respectively. 

In I igs. 3 and 4, the quantity (T-7s)G'' 
has been plotted as a function of T using 
the experimental data of Figs. I and 2. respec- 
tively. The resulting values of 9 are 0-67°K 
for hydrogen and 3-05°K for deuterium. 

Using relations (2) and (4) the diffusion 
coefficient D(T) can be expressed in terms 
of measurable quantities according to the 
equation: 

(zi? ( {T-TjQ 'm) 

The diffusion coefficients of hydrogen and 
deuterium, evaluated using relation (6), are 
pbtted in Fig, 5, where the data of Vdlkl el 
(i/.[20J are also shown. It can be seen that the 
lines which interpolate our high temperature 
points also pass through the points given by 
Vdlkl et al., within the limits of experimental 
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error, indicating general agreement between 
the two kinds of experiment. Over a wide 
temperature range the diffusion coefficients 
obey the law of Arrhenius, whose parameters 
are; 

= (0-059 ± 0-007 )eV. 

IV„= (0 073 + 0-006) eV. 

Mm = (4-4 ± 1-5) l()”’'cmVsec, 

D,n, = (3-1 ±0-8) X 10-^cmVsec. 

As previously found for the diffusion co- 
efficient of hydrogen in niobium [2], a devia- 
tion from the exponential law is observed 
at low temperatures. It is worth noting that 
the deviation of Dh in vanadium takes place 
near the a /3 transformation temperature, 
which is = 200°K for a hydrogen content of 
61 ppm by weight [21]. This deviation may be 


explained by the fact that relation (6) uses a 
constant value of (/, whereas it appears to 
decrease below the a -> )3 transformation 
temperature [22]. A similar conclusion may be 
drawn for the V-D and Nb-H systems, even 
if the details of the phase diagrams are in- 
completely known (Nb-H) or unknown 
(V-D) in this temperature range. 

According to classical theory, Dh/Do should 
be independent of temperature and equal to 
(Wi)/wh)''‘= Vi This prediction appears to 
be only partially confirmed by the results 
shown in Fig. 5, which show that the ratio 
DJDp tends to VT as T but the ratio 
increases with decreasing temperature. Quan- 
tum effects, which have been extensively 
investigated in recent theoretical works[3-5, 
10, 12, 13], may account for the above dis- 
crepancies. However, a comparison between 
theory and experiment cannot be easily 
accomplished because the theoretical formulae 
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tig 4 Gorsky effect in dciitcnum loaded vanadium sample 2. 


include parameters which are not well known. 

It should be mentioned that the determina- 
tion of the diffusion parameters by means of 
equation (6) involves the assumptions that 
there is a single relaxation process and that 
the background dissipation has a negligeable 
effect on the shape of the relaxation curve. 
The first hypothesis, suggested by the obser- 
vation of a simple exponential time law of 
strain relaxation, has been proved to be valid 
in the ca.se of niobium f2), where perfect 
agreement has been found between Ihe 
hydrogen diffusion energy as measured by 
the shape of the relaxation curve, and that 
determined from the temperature depen- 
dence of the relaxation time. In order to have 
a further check of the validity of this assump- 
tion, a comparison has been made between the 
diffusion energy determined from big. 5 and 
that obtained from the Arrhenius plot of 


fig. 6. In the case of the vanadium-hydrogen 
system the value of 7',,'' corresponding to the 
frequency of9’b Hz has been read from Fig. 3. 
while that corresponding to 64 Hz has been 
evaluated by extrapolating curve 2 of the same 
figure by means of equation ( I ), where the 
value ft = 0’67°K has been introduced. A third 
point at 2I’SH/ was obtained by shortening 
Ihe free length of specimen I. A similar pro- 
cedure was used in Ihe case of the V-D system 
for reading Ihe values T,, '■ Using the data 
shown in Fig. 6 it is po.ssible to draw two 
straight lines which give the same activation 
energy as is derived from Fig. 5 . within the 
limits of experimental error. This confirms 
the hypothesis of a single relaxation time. 

In order to estimate the sensitivity of the 
results to the background dissipation the diffu- 
sion parameters have been recalculated by 
subtracting curve 1 from curves 2 and 3 of 
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I ig. ^ Difl'uMon coefficicnK ol hydrogcn and deuterium in vanadium. 


ligs. I and 2. The resull.s obtained (W„ = 
(0-066±0 ()06) eV, ITb = {0 075 ± 0-003) eV. 
Am = (6-6± 1-8) X I0~^cm^/sec, An = (3-6± 
0-4) X Ifl’Am^ec) are the same, within 
the experimental errors, as those evaluated 
without subtracting the background; how- 
ever, with this background subtraction the 
agreement between measurements at 9-6 
and 64 Hz is less satisfactory. 

The above results and discussion indicate 
how successfully the Gorsky effect can be 
applied in studying the diffusion of hydrogen 


and deuterium in metals. Moreover our inter- 
nal friction method allows diffusion measure- 
ments at concentrations as low as 61 ppm by 
weight. Lastly we remark that the measure- 
ment of the diffusion coefficients is accurate 
enough to show that the classical theory 
is unable to explain the observed isotopic 
effects. 
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maximum. 
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KINETICS OF ANELASTIC AND DIELECTRIC 
RELAXATION DUE TO REACTING POINT DEFECTS* 

S. NOWICK 

Henry Krumb School of Mines, Columbi.i University. New York. N.Y. 10027. U.S.A 
(Rccc/rcd 5 Scpiemhrr 1 969) 

Abstract- 1 he theory of the kinetics of defect relaxations in crystals, developed previously for the 
case of a single defect species, is now extended to include defect reactions among several different 
species. In this way it becomes possible to obtain expressions for the various relaxation times in terms 
only of the symmetries of the crystal and of the interacting defects. It is shown that this generalization 
can be earned out using the same symmetry coordinates as were tabulated in an earlier paper. The 


example of a cubic crystal containing 3 species « 
and (110) orthorhombic, is considered in detail 
paired interstitial detects in the bcc lattice. 

1. INTROIUJCTION 

In two previous papersll,2| (henceforth 
denoted by I and II, re.spectively) a general 
theory of dielectric and anelastic relaxation 
due to point defects in crystals was developed 
from the viewpoint that relaxation behavior 
can be characterized by the point symmetry 
of the defect as well as that of the crystal. 
Paper 1 confined itself to the calculation of 
the relaxation strength, i.e. the thermo- 
dynamics of the process, while 11 dealt with 
the relaxation times, i.e. the kinetics. Both 
papers, however, limited themselves to a 
single defect species which could occupy one 
of several crystallographically equivalent 
orientations. The complication of a defect 
‘reaction’ between two or more non-equivalent 
species (e.g. an interstitial which can occupy 
more than one type of interstitial site, or a 
defect pair Which can exist at both a nearest- 
neighbor and a next nearest-neighbor separa- 
tion) was omitted in order to .simplify the 
treatment. Nevertheless, the occurrence of 
defect reactions has been of importance in 
actual crystals studied and accordingly the 
theory of relaxation kinetics has been devel- 
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f inieracting defecis, which are telragonul. tngona! 

The results are applied to the specific problem of 

oped by various authorsp-SJ for a number 
of specific cases. In these papers. a.s in 1 and 
11. group representation theory was u.sed to 
greatly simplify the calculations; however, 
whereas the kinetic calculations in II were 
quite general in terms only of defect symmetry, 
references |3-5] considered only individual 
cases, and in fact confined themselves to 
paired defects. 

The present paper is intended to show that 
the approach used in II can be extended to 
include defect reactions. In this way, it 
becomes possible to solve the problem for 
the reaction among defects of given symmetry 
only once, instead of having to start from 
first principles in each individual case. As 
before, a major step toward simplification 
of the problem of the calculation of relaxa- 
tional normal modes is through the introduc- 
tion of symmetry coordinates, which transform 
as the irreducible representation of the crystal 
pt)int group. In fact, it is shown that the 
generalization to Include defect reactions can 
be carried out with the very .same symmetry 
coordinates of the individual defect species 
that are tabulated in II for many crystal 
structures. The results obtained are equally 
applicable to .simple defects, e.g. interstitials, 
as well as to paired defects, Following the 
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development of the general theory, a specific 
example will be given to illustrate the 
application of the theory. 

2. (iENERAI. THEORY 

We consider reactions among several 
(crystallographically inequivalent) defect 
species of the form p ^ ^ I, ^ . 

i.e. confining ourselves to first-order reac- 
tions only. In addition, it is recognized that 
each defect species, may occupy a number 
Hi of crystallographically equivalent orienta- 
tions, each of which may be numbered by an 
index r({), e.g. following the numbering con- 
vention adopted in II. In general, jumps may 
take place from a defect /Aa) to defect til) 
at a rate (i.e. with a probability per second) 
''wioao in the absence of any applied electric or 
stress field (see fig. I). By analogy to 11, we 
also define the rate tVoiWditts the negative sum 
of all jump rates involving a departure from 
/)(«), i.e. by 

where means a sum over all t/(«) except 
p((v), while is over all species other than «. 
If we let C,„„| be the concentration of defects 
of type pia) expressed as a mole fraction of 
total number of molecules in the crystal, and 


‘'ilalKCl 



2(al ual il^l 

Kig. I. Illustialion of polenlial bariifr.s and jump fie- 
qiientics involved in moving a defeel between two orien- 
tations of the same defect species, as well as between 
two dift'ereni defect specie.s. 


write the kinetic equation for defect pia), 
taking into account all jumps which increase 
and decrease C^ai, we readily obtain with the 
aid of equation (1): 

C,Ka) ~ 2 r(£) *'r(C)n(a)Crt|;i- (2) 

Similar equations may be written for each 
defect species and orientation (a total of n 
equations, where n = is the total number 
of defect orientations of all species). It is 
convenient to redefine the subscripts r(0 to a 
single index 1 / = 1,2, ... n by numbering the 

defects in the following order: !(«). 2(a) 

«„(a). \l p). 2( p). . . . Equations (2) and (1) 
then become, respectively, 

C„ = S,.C,.P,i, (3) 

t>H„ (4) 

Equation (3) can also be written in matrix 

form as: C = Ct> where C is a row vector made 
up of components C,. (i.e. in /(-dimensional 
‘concentration .space’) while i> is an 11 xn 
matrix. The frequency matrix r is not sym- 
metric since /Vin»n) iVi(i,««) due to the 
inequivalence of defects a and as shown 
in Fig. I. In this sense the present case differs 
from that involving a single defect species 
(in 11) where v was symmetric. 

To obtain the relaxational normal modes, 
we express the concentration vector in the 
form: 

C = Aexp(-//r) (5) 

in terms of a relaxation time t. The kinetic 
equations (3) (hen become the set of algebraic 
equations 

A(»'-Ft-'E) = 0 (6) 

where E is the n X n unit matrix. The eigen- 
values (relaxation rates t“') are then the 
solutions of the determinental equation 

|i/-Ft-'E| = 0 (7) 

i.e. they are the negative roots of the matrix i>. 
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As in II, considerable simplification in the 
calculation of the eigenvalues is obtained by 
introducing the symmetry coordinates of 
concentration each of which transforms as an 
irreducible representation (abbreviated 'i.r.') 
of the crystal point group. In the present case, 
this transformation in concentration space is 
given by 

C'W = C 

where W is an n x n matrix in the block form 


Here W„ is an n„x«„ matrix, namely, that 
given in II (as W) which transforms the 
concentrations of species a into symmetry 
coordinates, and similarly for Wg; further, all 
elements in the matrix outside the blocks are 
zeros. Since W„, W^, etc. are unitary, the 
larger matrix W is also a unitary matrix in 
concentration space. The transformation 


converts equation (3) into 


C' = -C'ft 

(8) 

in which 


ft = -WpW+. 

(9) 


(As usual the matrix Wt represents the adjoint, 
or transposed complex conjugate, of W.) In 
view of the fact that v is negative semi- 
definite*, fl is positive semi-definite, i.e. it 
has non-negative eigenvalues. Equations (8) 
and (9), written in component form, become; 

( 10 ) 

(II) 

•1 he proof that v is negative semi-definile follows along 
lines similar to that in 11, l irst, v can be taken by a 
similarity transformation into a symmetnc matrix via a 
transformation which multiplies each concentration 
Crtii by a constant VXj. where It 

follows that i> must have real roots. The fact that the roots 
are 5;0 follows form equation (4) and Oersgorin's theorem 
(paper II. Appendix A). 


As in II, the components of the symmetrized 
frequency matrix, ft, are identified by the i.r., 
y. and by repeat indices p and p' taking into 
account the number of times that y appears 
in the combined symmetry coordinates of 
all the defect species. The number of times 
that a given i.r. occurs, i.e. the range of the 
repeat index p, is simply obtained by adding 
the numbers of repeats for the various defect 
species taken separately, as given in the 
selection rule tables in I. Thus, for example, 
if i.r. y appears once for species a and twice 
for species ji, it will appear three times when 
the reaction a*^ occurs. The components 
of ft are independent of the degeneracy index 
a of the i.r., provided that the symmetry 
coordinates of different repeat indices are 
similarly oriented.! In addition to this 
independence of a, the fundamental theorems 
of representation theory (e.g., see papers 1 
and II) a.ssure that ft is diagonal with respect 
to components belonging to different y and to 
different degeneracy indices a. 

To find normal modes we may, similarly 
to equation (5), write C' = A' expl-t/r) 
leading to the analog of equation (6): 

A'(ft-T-’E)=0 (12) 

and the corresponding determinental equation. 
Due to the decoupling of terms for different y 
and a. however, this determinental equation 
breaks up into separate equations, one for 
each i.r., of the form; 

= 0 (13) 

where fipp. is the Kronecker delta. This deter- 
minant is substantially reduced from that of 
equation (7), its dimensionality being simply 
the number of times that y occurs. Most 
important, this reduction is cairied out with the 
use of the same W matrices worked out and 


tThis puinl was anlicipated in II (see p LS) so that all 
symmetry coordinates of a given degenerate i.r. given in 
that paper meet the requirement of similar orientation 
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tabulated in li. In addition to the eigenvalues, 
T"', obtained from (13), the corresponding 
eigenvectors (or normal coordinates) may be 
obtained for each i.r., in the usual way by 
substituting a given eigenvalue into the 
homogeneous equations ( 1 2). 

In order to calculate the relaxation fre- 
quencies in practice, one requires more 
convenient expressions for than that 
given by equation (11). We therefore dis- 
tinguish the case in which both repeat indices 
p and p' come from the same defect species 
and that where they come from different 
species. When they are from the same species, 
say «, it is advantageous to let p and p' become 
vKa) and n'{a), the repeat indices for that 
defect species (as denoted in 11). It is then 
easy to show from equations ( 1 1 ), ( I ) and (4) 
that 

f ~ (or only) 

2 C 2 r(C) ^'/KaJrtO (14) 

where the first term on the right is that which 
was obtained for species « alone (as given in 
ID. Equation (14) states that for n ^ it' the 
term obtained is the same as if no reactions 
took place. 1 or it - it', we must add to the 
term for a alone the sum of all frequencies by 
which the defect in any particular orientation 
p(a) of species « may go into all possible 
orientations of all other delect species. It 
is thus possible to take full advantage of the 
methods already worked out (in Section 2of II) 
for calculating for a single species, 

f urther, if i.r. occurs only once for defect a, 
so that the index it is not needed, the term 
lly (a only) in (14) is simply the eigenvalue 
T' ', which is tabulated in II for most important 
crystal symmetries. 

The other case to consider is that in which 
the repeat indices p and p' come from different 
defect species, say a and ji, respectively. A 
simple but i.mportant situation is that in which 
i.r. y occurs only once for one species, say /3. 
Then if equation (9) is rewritten IIW = -'Wv 
and components are taken, we obtain 


(15) 

On the other hand, in the more general 
situation, we return to equation (11) and, by 
an argument analogous to that which yielded 
equation (2.19) of paper II, we obtain the 
relation 

O7.PP' = 

~ (n„/f>v) Sn l4^1w(o).P(a) 

(16) 

where by is the degeneracy of i.r. y. Equation 
( 16) applies also under conditions where (15) 
is valid, but the latter is somewhat easier to 
use where applicable. 

The relaxations belonging to the totally 
symmetric i.r. (de.signated by y = A,) require 
special consideration, for a single defect 
species one always obtains = 0 (see II). 
This result stems from the fact that the total 
concentration of defects cannot be changed 
by means of reorientation jumps of the type 
being considered. On the other hand, in the 
presence of more than one reacting defect 
species, there is the possibility of relaxation 
via a net change in the concentration of one 
species at the expense of another. 1 n the /I , i.r. 
there is exactly one symmetry coordinate 
C',' for each species, in which all concentra- 
tions of that species are equal and the others 
are zero. Accordingly the repeat index p runs 
over the total number of species, say ni. 
Writing equation (10) for the A, components 
only, and noting that in equilibrium all CJ,' 
are zero while C'‘ 5 ^ 0, it follows that 

= 0. (17) 

Accordingly, there exists a solution of 
equation ( 1 3) for which the eigenvalue t"‘ = 0, 
namely that for which the eigenvector contains 
the equilibrium values of all the concentrations. 
This mode is often called the equilibrium 
mode.’ The remaining m- 1 modes belonging 
to the A I i.r. have non-zero relaxation rates. 
Thus, when 3 defect species are involved. 
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the relaxation rates are obtained from the 
determinental equation ( 13 ), one solution 
being = 0, and the other two given by: 

T-' = A'±[A^-y']'« ( 18 ) 

where 

A'= (n„+aj2+ii,.,)/2 

= ( 19 ) 

(For simplicity, the i.r. designation /(, has 
been left out in all terms 11 ,, of ( 19 )). 

It is easily shown that the /I, modes involve 
only a net reaction and no reorientation among 
defects of the same species. The importance 
of such modes, (termed ‘reaction modes’) 
in relaxation studies will be the subject of a 
separate paper of this series which will deal 
particularly with the thermodynamics of (he 
relaxation. 

3. ILLUSTRATIVE EXAMPLE 
In this section, we will illustrate the general 
theory by considering a particular example 
which includes, as special cases, most defect 
reactions of interest in cubic crystalsl 41 . This 
example is the reaction, in a cubic crystal, 
among the .3 defect species a /3 t), in 

which « is tetragonal is ( 1 10) orthorhombic 
and 7 ) is trigonal. After working out this 
example in complete generality, we will 
consider a specific case, that of interstitial 
pairs in the bcc lattice. Mechanically active 
modes will only be considered, although the 
extension to include dielectric relaxation is 
straightforward and will be discussed briefly. 

From the selection rules (see 1 ), it is clear 
that in a cubic crystal, the tetragonal defect 
species gives rise to an E relaxation, the 
trigonal species to a Fj (or F^) relaxation and 
the ( 110 ) orthorhombic to £+ T.,.* Thus, the 


*loi ihe doubly degenerate fJ i.r., one relaxalion 
means 2 normal coordinates both having the samerclaxa* 
lion lime; similarly for the triply degenerate /j i.r. (In I 
and II we have u.sed the symbol / for triply degenerate 
i.r.’s. However, the symbol T is so much more widely 
used that we will adopt it henceforth.) 


entire combination of 3 species yields two E 
and two relaxations. In addition, in view 
of the closing remarks of the previous section, 
two Ai relaxations should also occur. Our 
object here is to calculate the relaxation 
rates of these six relaxations in terms of the 
various frequencies of the type I'nor io- As in 
II we use the numbering convention that 
1 (a), 2 (a), and 3 (a) are the defects with tetra- 
gonal axis along [100], [010] and [001], 
respectively, that . . 6(j8) have a principal 
axis along [ 110 ], [ 110 ], [Oil], [Oil], [ 101 ] 
and [101], respectively, and finally, that 
I (17), . .^4(17) have their trjgonal axis along 
jllll, [Til], [iTl] and [111], We begin with 
the £ relaxation, taking p = 1 for the a and 
/) == 2 for the /3 species. (Since 17 is trigonal it 
does not contribute an £ relaxation.) 

For we utilize equation ( 14 ) and note 
(from II) that (a only) - 3 t'i,„, 21a)- 

Accordingly 

6 

f )*' 11 ~ 3('|(„)2i„)+ 5) r'lioimsi 
1 

4 

■f 2 *'l(a)r<i)) 

rlTD- I 

~ 3 | 2 ]|„vjlo)"f 4 t'|ioii,||) 

■b 2t'i(a);«S) + ( 20) 

where, in the last step we have expressed 
the result in terms only of the independent 
frequencies; relations such as v„a)nm- 
are obtained from the above numbering 
convention together with the ‘dot product' 
method for determining equivalent pairs of 
defects (see footnote to paper II, p. 18 ). In a 
similar way, we obtain: 

0)1.22 ~ fii'i((i)m(i)T 2t'|((i)i(„) + ■'iimiiiai 

T 2|)i(0)|(t|| 4 “ 2l'|(oi2(ril' (21) 

The calculation of Di. and O2, requires 
equation ( 15 ), since the two repeal indices 
are from different species and the i.r. £ is 
non-repeating for each species. The results 


are: 
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— V2(r'i(„)i(3) ^'l<a)3<fi)) 

(22) 

= V2(l'i(0)i(„)— V3(fl))(a)). 

(23) 


Finally, these ily:.pp' parameters may be 
inserted into equation (13) to obtain the two 
relaxation rales for the £ modes 



(24) 


where the i.r. subscript E has been dropped 
throughout. 

Turning now to the 'I'., mode, which appears 
once for each of the species t; and /3 but not 
for «, we obtain in a completely analogous 
way: 

II it'uvnun 

"b •^*'i(i|iii(ti (2.^) 

"b 2ri((jiii„)+ i';ii;i)i,„i (26) 





n,,, 

■J ~ ~Cb2( l’||,|||,()|- 

(27) 


II ■-V2( i'i(/iii(7)|-" i’i,(i, ._.(,,,) 

(28) 


with two relaxation rates again given by 
equation (24). 

finally, for the A, modes, letting the repeat 
indices I. 2 and 3 refer respectively to the 
defects <t, fi and 17 , we obtain: 


^1 ii.n 

~ 4|'|(„||,^, -f 2/'|(„);«fj)-t-4l'||„||,,,( 

(29) 

n„2.. 

~ 2l'|(ni|,„| + 

4" 2)’|, 011(11) + 2ri(/j)2n,i 

(30) 


~ 3i'|,,|,|(„) -f 3r|(,|ii(0) + 3i',(,„2iH) 

(31) 


~ ~ V^2 1 2j'|,(,||(((| + 

(32) 

ffli.il 

~ ~+^2(2('|(0)|(„) "b r,i(/3)ii„,) 

(33) 

f 1 ii.i:i 

~ ~2\/3(^ii„iii,ii 

(34) 


^ai.ai ~ ~2\/3i',(T,)i(a) (35) 

~ + i'i(a)2(T))) (36) 

“ ~^b(i.'],a)ua) + i'2i7|)iia)) ■ (37) 

The corresponding relaxation rates are 
T~' — 0 ( ‘equilibrium mode’) and the two rates 
given by equations (18)-(19). 

Dielectric relaxation for this set of defect 
species is also easily treated; it is simply 
necessary to include the electrically active 
i.r.’s. To obtain dielectric relaxation, however, 
it is necessary that the defect have direction- 
ality, e.g. a defect consisting of an unlike pair. 
Two defects differing in orientation by 180° 
then produce the same elastic dipole but 
different electric dipoles. It is then easiest 
to treat the two types of i.r.'s separately, 
for the mechanically active i.r.'s one may 
number the defects without regard to direction- 
ality and so the above equations for the Au 
E and modes apply; for electrically active 
i.r.’s one must use a numbering system as 
described in Section 3 of II. 

It should be noted that the example worked 
out in this section is applicable not only to 
the cases where all three defect species 
appear, but also where only two of them are 
involved. Thus, the case of a reaction involving 
only the tetragonal and ( 110 ) orthorhombic 
defects is covered by setting all frequencies 
containing 77 defects equal to zero. It is for 
this reason that we could state earlier that 
this one example covers essentially all 
specific cases dealt with in Chang’s paper [4]. 

for a specific problem to illustrate the 
application of the theory, we choose that of 
the i~i (paired interstitial) defect in the bcc 
lattice. In this model, the pair is assumed to 
remain bound in one of three types of position: 
the nearest-neighbor (n.n.) configuration, «, 
which is tetragonal, the next-nearest neighbor 
(n.n.n.) configuration, /S, which is (110) 
orthorhombic, and the third neighbor (t.n.n.) 
configuration, tj, which is trigonal. This model, 
therefore, falls under the general example 
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we have just discussed, and at the same time 
is of practical interest, l-urther, this problem 
has not been correctly worked out in the 
literature.* 

The various configurations of the a, fi and 
Tj detects are shown in Fig. 2. In this figure, 
one interstitial solute atom is placed at the 
center of the cube shown, while the other 
may occupy any one of the n.n,. n.n.n., or 
t.n.n. sites, which are all numbered according 





• n n SITES 
0 nnn SMES 

□ Inn SITES 

l-ii!. 2. Diagriim showmt; ainlipiiKUKins nl the 

piiired mltisiiliiil dclei:! in itic bit liillicc. I he liisi 

inlcislili.il iiKim is .il llic ccnlcr iil the cube, while the 
n.n .nnn nnd t n n positions of the second inlerslili.il 
atom are shown, niimbeied aeeoiding to the adopted 
convention. 


♦Chang(4] considers the problem hot obtains a 
different relaxation rale for the t modes for diUcieiil 
crystal orientations, and the same for C learly, such 
a result is inconsistent with group representation theory 


to the convention quoted earlier. In Fig. 2, 
the centrally located interstitial atom sits in a 
tetragonal site (i.e. a Snoek ‘octahedral’ site) 
of the v-type. since the two nearest solvent 
atoms to it lie along the y axis. One can 
therefore draw two other crystallographically 
equivalent diagrams for which this central 
atom is located in a-type and c-type sites, 
or more conveniently, one can retain the 
figure as shown but permute the 3 axes, 
renumbering all the sites. Among the three 
diagrams so obtained, every possible type of 
defect jump can be obtained with motion of 
the outer interstitial, i.e. without a jump by 
the cenlral interstitial atom. The fact that 
actually bolh members of the pair can jump 
is later taken into account by simply doubling 
all of the calculated frequencies. As in II, 
the complete solution of the kinetic problem 
requires that we obtain expressions foi the 
relaxation rales in terms of all allowable atom 
jump rates. U j. In the present model, we shall 
first allow both nearest neighbor jumps (along 
(KM))), and the next-nearest neighbor jumps 
(along (110)). Examination of Fig. 2, shows 
that there are four independent atom jump 
rates of the nearest neighbor type which may 
be defined as follows (giving, in each case the 
change in defect species produced by the 
particular iump): 

ir,(ur -» fi), M'd/S -» ti), 

M',i() 3 7)). M'j(7} fi). 

Similarly, there are four distinct next-nearest- 
neighbor type jumps whose rales are: 

ii'-,(« —* «), u'„(/3 — » ji] 

ti'ijn — * Tj), iv;(t( — *■ a). 

These 8 jumps are the only independent ones 
in a model which allows the pair to separate 
no further than the t.n.n configuration, as we 
have presently assumed. 

To complete this specific problem, then 
requires expressing the frequencies of the 
type in terms of the allowed atom 
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jump rates The use of the three 

diagrams (or a triply relabeled diagram) 
similar to Kig. 2, for this purpose may be 
illustrated by calculation of I'uatusi' In Hg- 2, 
there is one path from a defect 1(a) to l(^), 
involving the jump of rate a ,. On the other 
hand, in one of the other tWo diagrams the 
defect I(q) appears but has no available path 
to reach the defect numbered 1(0). Accord- 
ingly, the averai>e rate at which a defect l(«) 
makes a transition into I(j3) is m'i/ 2. Since 
both members of the pair can move, however, 
the desired frequency ('i,„)i( 3 ,is h',. In a similar 
way, the following expressions obtained are 
the various independent frequencies 
in terms of the jump rates w/. = 2hv„ 

~ 2n','i, I'uniun) — 4h'|/3, I’urtniai ~ 4ii'7/3, 
all the others being equal to zero. When these 
results are substituted into equations (20) 
through (37) the six relaxation rates are 
obtained. 

It is pi'obuhly realistic to regard the nexl- 
ncarest-ncighbor jumps whose rates are uv, 
to K h as far less probable than the nearest- 
neighbor jumps. We will therefore write the 
simpler expressions for the six relaxation 
times taking u'-, "k equal to /cro. These 
expressions arc: 

T/, ' - (Zh'i + 11',,-!- 2if,) 

±1 (2m'i — uc — 211';, )'M-2iriV''i.>]'*' 

T,^' = (2ir,-l- 11 ', -1- ± l(2ii'_,- if,-2ir,,|- 
+ (16/3 111':, 11',]''- (39) 

T|,' = (2ii',-I-m’, + 2m':i-)-2m'4) 

Ct (_(2il', -f IV.j -f- 211':, -f- 2ll'|)^ 

— I6(iv'|ii':|-l-M',ii'_,-f-ii'.,ir4)]"-. (40) 

insterstitial pairs in bcc lattices are known 
[6,7| to give rise to complex relaxation 


spectra, consisting of a multiplicity of relaxa- 
tion peaks. The present model, in spite of its 
restriction to pairs separated no further than 
t.n.n.’s, should be useful in the analysis of 
such relaxation spectra. In particular, the 
large number of relaxations with different 
T-values which can arise even from as simpli- 
fied a model as that considered here, tends 
to render doubtful the type of analysis often 
used, which assigns only one relaxation to 
interstitial pairs and all the others to higher 
order clusters. 

4, CONCIAIDING REMARKS 
It has been possible to show that the 
kinetics of relaxation for a crystal con- 
taining a system of reacting defects can be 
worked out in general terms where the solution 
depends only on crystal and defect symmetry, 
just as had been done earlier (in II) for a single 
defect species. It is thus unnecessary to work 
out individually specific defects of interest, 
except foi the last step, which is the con- 
version of the frequencies of the type 
to atom jump rates iCj. The theory as presented 
here, however, is limited to first order reac- 
tions only and therefore does not take into 
account the important situation in which a 
paired defect may dissociate. This problem 
will be considered in a later paper in this scries. 
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ANELASTIC RELAXATION IN SILICON DOPED 
WITH LITHIUM AND BORON 
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Abstract -Single crysttils of Si doped 'ntcrstitially with I i and substilulionally w'lth H tap to 3-7 v 10'“ 
atoins/L'm') exhibit a well-dctined inicinal (iiction peak at I5(r(' foi a frequency of I 2 kHz. The peak 
IS governed by a single iclaxalion time, and has an aclivaimn energy Q of 0 8.3±0’()l.5eV The 
tempetatuie and concentration dependence of the relaxation strength conform to a mtiss-action 
equation based on the reaction I i ‘ t /f I i '/) , and indicate that the relaxation is produced by 
the reoi lentation of bound I G/t paos lathei than by iinassociated I G ions The binding enlhalpy 
All,, IS found to be 0 28±0 025 eV/pair. 1 roni measuicments on {100) and (III) oriented samples, 
the symmetry of the I.GB' pair is toiind to be trigonal I he dipole shape facloi lx, ,| has the value 
O'l. I he defect synuiielry mdicales that the pair is composed of a I G ion occupying a tcliahedral 
iiiieistitial siie in a nearest neighboi posiiion to a subMitiitioiial H ion All the available evidence 
IS contrary to Weisei's suggestion that free I G ions in Si enter the hoxagonally coordinated inierstilial 
sites which lie midwav between the tetialiedral sites 


I. INTRODUenON 

Thfrp is {icneral agreement that lithium dts- 
.solvcs interslitially in .silicon and behaves 
cieciiically as a simple donor, ioni/ing to the 
singl -chaiged state l.i^. Diffusion studies 
performed hy a variety of techniques arc in 
good' agreement on the activation energy 
(CL =0'6.‘ieV), and have shown the high 
ditfusivitics typical of an interstitial species 
|l-3|. Inspection of the diamond cubic struc- 
ture of silicon shows that the largest inter- 
stitial sites arc those represented hy the small 
open cirelcs in big. I. These are known ;is 
the tetrahedral sites, since each one lies at 
the center of a regular tetrehedron defined 
by the four nearest neighbor silicon atoms. 
A .second possible set of interstitial sites, of 
only slightly smaller size, is indicated in big. I 
by the small filled circles, bhese are located 
midway between adjacent tetrahedral sites. 
Each of the sites in this second group lies at 
the center of an array of six nearest neighbor 
silicon atoms delineating a symmetrically 
puckered hexagon. Hence these sites may be 
referred to for brevity as the ‘hexagonal’ sites. 

Weiser|4] has performed theoretical cal- 



1 ig I The tliamoml cubic structure of silicon The 
letrahedial ami hexagonal interslitial sites are indicated 
by the small open and filled circles, respectively One of 
the tetrahedral sties is at the center of the cube; the 
others are located on the four cube diagonals half-way 
between the center and a corner of the cube. The hexa- 
gonal sites lie midway between adjaccnl tetrahedral 
sites. 

culatipns of the energy of an interslitial ion in 
these two types of site, and has concluded that 
Li^ ions should enter the hexagonal, rather 
than the tetrahedral, sites, brom an experi- 
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mental viewpoint, anelastic relaxation meas- 
urements provide a method of investigating 
the question of tetrahedral vs. hexagonal site 
occupancy. The symmetry of the tetrahedral 
sites, like that of the host crystal, is cubic. 
Consequently, if Li+ ions were to occupy 
these sites, it follows from the theory of point 
defect relaxations [5, 6] that the possibility of 
a relaxation under a shear stress is ruled out 
by symmetry considerations. On the other 
hand, the hexagonally coordinated sites 
possess trigonal symmetry. Occupancy of 
these sites leads to the prediction of a relaxa- 
tion in the elastic compliance .v,,. The experi- 
mental identification of the corresponding 
internal friction peak in Li-doped samples 
of pure Si would therefore provide clear-cut 
evidence in favor of Weiser’s theory.'*' Un- 
fortunately, a failure to detect this peak does 
not have an equally unique interpretation. 
(This was the situation encountered in prac- 
tice.) .Such a negative result could mean either 
that (a) the peak is absent because Li* oc- 
cupies the tetrahedral site, or (b) Li* occupies 
the hexagonal sites but the sensitivity of the 
measurements (in terms of the pcak-to-back- 
ground ratio) was not high enough to resolve 
the peak. .Since the peak height is proportional 
to the concentration of defects, the most 
serious problem alfecting the sensitivity of 
the measurements was the low solubility of 
lithium in the temperature range of interest. 
At lOOT, for example, the work of PelljS] 
and fuller and Reiss [9] suggests a solubility 
of about 10“*’ mole fraction. 

To circumvent this problem, advantage was 
taken of the fact that pre-doping Si with the 
relatively soluble element boron (present 
substitutionally as B acceptor ions) both en- 
hances the solubility of lithium and prevents 


*lt IS ol' interest Ui eiintriisl this situation with a parallel 
ease concerning oclahedral vs. lelfahedia) site occupancy 
in some of the body centered cubic metals[6,7]. In that 
case, an experimental distinction based on symmetry 
arguments alone is nut possible, since the octahedral and 
tetrahedral sites tire both of the same (tetragonal) sym- 
metry. 


it.s precipitation at lower temperatures. This 
behavior originates from the electron-hole 
equilibrium in the semiconductor, which 
favors an electrically compensated condition 
where the number of donors balances the 
number of acceptors [10, 11). In using boron 
to enhance the solubility of lithium, it must be 
recognized that an added complication arises 
from the phenomenon of ion pairing[l2, 13], 
which can be represented by the reaction 

IV +B7±U*B'. ( 1 ) 

Since the I i'fl" pair constitutes an additional 
species of point defect that may produce 
relaxation, it is clearly of importance to obtain 
a positive identification of the defect respon- 
sible for a particular internal friction peak. 

2. EXPERIMENTAL PROCEDURE 

Float-zoned single crystal Si rods of ap- 
proximately 4 mm dia. were purchased from 
the Dow-Corning Corporation. The high- 
purity samples contained ~ 10''' atoms/cm'’ of 
residual boron: the boron levels of the inten- 
tionally doped samples ranged from 3 x 10"* to 
3-7 X 10"' atoms/cm* {C„ = 6X10 X 10 '• 
mole fraction). Some samples were 3 in. long 
and of random crystallographic orientation. 
Others were specially supplied to a length of 
6 in. and had either a ( 100) or < 1 1 1) orienta- 
tion to within 2° from the rod axis. The boron 
contents were obtained from the room tem- 
perature resistivities of the samples, using the 
calibration curve of Irvin [14]. 

The internal friction measurements were 
performed in the free-free modes of trans- 
verse vibration, using an electrostatic scheme 
of excitation and detection, The maximum 
frequency range (I -30 kHz) was obtained 
on the 6 in. crystals, where it was possible to 
perform measurements up to the 7th tone. 
Measurements of the logarithmic decrement 
in free decay were performed at pressures 
below 10"'’torr. 

Preliminary attempts at Li doping by vacu- 
um annealing samples painted with a disper- 
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sion of metallic lithium in oil [1 5] were not 
encouraging. In view of the de.sire to avoid 
surface cracks and restrict post-doping clean- 
up to no more than a light etch, it was decided 
to try doping by exposure to lithium vapor. 
This procedure worked very well. From a 
detailed analysis of the conductivity-tempera- 
ture curves obtained before and after doping, 
it became clear that 80-90 per cent compensa- 
tion could be easily achieved in all the boron 
doped specimens. 

Doping was carried out inside a long tantalum tube, 
enclosed in turn wtthin a fused quartz tube evacuated 
by a LNj-trappcd diffusion pump. One end of the Ta lube 
was closed by a demountable Mo cap. four wires, insul- 
ated by pure alumina tubing, were passed through this 
cap and attached to the specimen by tungsten spring 
clips, to provide for resistance measurements by the 
4-lead method The end of the fa tube containing the 
specimen was placed in the uniform temperature zone 
of a furnace; the olhei end of the lube prcrjccted from the 
furnace and remained cool. I he metallic I i used as the 
doping source was placed in a boat attached to the inner 
end of a Ta plug, which could be pushed via a connecting 
rod to any desired depth inside the Ta tube. Due to the 
temperature gradient in this section of the lube, the pos- 
itioning of the boat provided a convenient means of adius- 
ting the 1 I vapor pressure. The system was first evacuated 
With the plug withdrawn, and the specimen heated to the 
ditriision lemperatuie. usually chosen .is TKOT to ensuie 
complete homogenization across the diameter of the 
specimen in a convenient time. With the specimen at 
temperature, the plug was insericd to a depth piiHlueing 
a suitable boat tempeialure Icominonly .40<)-6(M)“(') 
Resistance measurements made duiing the diffusion 
anneal and subsequent cool-down clearly indicated the 
change towards electrical compensation. 

.TRESILTS 

The internal friction of Si samples contain- 
ing 1-i or B separately was found to be a gently 
rising monotonic function of temperature, 
which increased by about a factor of two over 
the range 25-300T. No evidence was obtain- 
ed for peaks in any of these singly-doped 
samples, regardless of their orientation, t For 
measurements made at frequencies above 
5 kHz, where the background loss^ was less 
than 2x lO"''', the estimated minimum dctect- 


‘Calculalions indicalc lhal a .subslanlial pari of Ihis 
background damping originates within the specimen lioin 
the 'transverse thermtil current' relaxation mechanism 
[I6|. 


able peak height was 5 x 10“'.) In contrast, 
a very well-resolved internal friction peak 
was observed in samples containing Li and 
B together. Data from (111) and ( 1 00) 
oriented samples, which serve to illustrate 
the strong anisotropy of this relaxation, are 
presented in Fig. 2. These data refer to samples 
of almost equal boron content. To assure that 
the difference in peak height reflected as 
closely as possible a difference in orientation 
only, these samples were Li-doped side by 
side in one operation. The ratio of the relaxa- 
tion strengths Aft<iii,/A/,viiimi.s 17.6. It is also 
of interest to consider the relaxation of the 
compliance given by the relation 6£ V 
£ ' = A. Since the value of fi,|'||^/£,“ij^i, is 
0-69[17|. the ratio 8£,Vi,)/8£.||m, is found to 
be 12. 

Measurements made on the (111) sample 
in a sequence of runs at different frequencies 
are shown in Lig. 3. These data are shown 
with the background removed and with the 
log. decrement-temperature product plotted 
vs. 1/7. It should be noted that the first and 
last runs, performed at the same frequency, 
show a small ( 10 per cent) decrease in peak 
height due (o Li outdiffusion, Since the ther- 
mal history of each run was about the same, 
this loss can be corrected for quite well 
by adding increments of 2^, 5. 7^ and 10 per 
cent to the peaks obtained in runs 2, 3. 4 
and 5, respectively. Several important pieces 
of information are contained in Fig. 3. First, 
it is evident that the peak height-temperature 
product (which is proportional to the concen- 
tration of defects producing the relaxation) is 
a rather strongly decreasing function of 
temperature. Application of the mass-action 
relationship to equation ( I ) shows that the 
Li'W pair must therefore be the defect 
responsible for the relaxation. Second, the 
variation of peak temperature with frequency 
can be used to obtain the activation energy 
Q arid the pre-exponential factor t„ governing 
the relaxation time, t. The plot shown in 
Lig. 4 yields the values ^ = 0-83±0'015eV 
and ro = (2±0-7)x 10 "sec. It should be 
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^ It! 2 Inlcrnul fnclion peaks in ( 1 1 1 ) and (100) oricnlcd silieon rods containing 
(r6 x 10"' aloms/cm ' of boron and 5-3 x 10'" aioms/cnv* of lithium 


noted that this value of Q is significantly 
greater than the value ()'f)5 eV quoted earlier 
for the movement of unassociated l .i' ions. 
I rom the value (2 = 0-83cV, the internal 
friction peaks are found to htive a width at 
half-maximum m excellent agreement with 
that calculated from the Debye equation (6|, 
indicating the existence of only a single relaxa- 
tion time, finally, each peak shows an 
asymmetry of shape consistent with the 
decline observed directly in the peak height- 
temperature product. To point out this 
asymmetry, the broken curve in fig. 3 
represents the symmetrical Debye peak fitted 
to the temperature and half-width of the 
experimental peak for 1 -20 kHz. 

The data points in l ig. 5 show the variation 
of 6 tYi'i 1 . "'fih boron concentration for samples 
with a compensation ratio close to 0-8. These 
results refer to a temperature of 209°C. Kor 
the purpose of the following analysis, the 


values of Si'ri'n, expressed relative to 
the value in the most heavily doped sample. 
The mass action relation corresponding to 
equation! 1) is 


IG.I (’ll) 

where C,., and C/t denote the total mole 
fractions of lithium and boron, c„ is the mole 
fraction of pairs and Af ( T) is the equilibrium 
constant. By choosing an arbitrary value of 
K{T), it is thus possible to calculate values 
of c„ for selected values of C„ and Cli(= 0-8 
Cii). When KiT) is small (the weak binding 
limit) the curves of c„ vs. C„ are parabolic 
in shape, as indicated in the appropriately 
normalized form by the lower broken curve 
in Fig. 5. As K{T) is made larger, the calcu- 
lated curves progressively change shape, 
eventually becoming linear in the strong 
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Tig 3 Measuremenls on the (III) sample of Tig. 2 for a series of vibration 
frequencies The numbers in parentheses denote the order in which the runs 
were performed 



1000/ T 


Tig. 4 Tempeiature dependence of the relaxation time 
T for silicon samples co-doped with lithium and boron. 

binding limit where every Li ' is paired to a 
B~ ion, The major change in shape takes 


place for values of KiT) in the range 500- 
50.000. As can be seen from the solid calcu- 
lated curve in Fig. 5. an excellent fit to the 
data is obtained at K(T) = 7200. The uncer- 
tainty in this value of the equilibrium constant 
at 209°C is estimated to be± 10 per cent. 

To proceed further with the mass action 
analysis, A'( 7 ) must be written in the explicit 
form 

KiT) = A sxpiMiJkT) (3) 

where 

A ^ zt\p{- ^sjk). (4) 

Here, A/ij, and are the enthalpy and 
entropy changes upon formation of a pair 
from its well-separated components, r is the 
number of distinguishable orientations that 
the pair can assume, and k and T are Boltz- 
mann's constant and the absolute temperature. 
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hi! 5. Che niirm;ili/ccl variation of n/:. |'||„,wilh boron 
vonccniration in '.ainplcv wilh Cl, 0H( „ fhebioken 
liiicv show llic iioiinali/cd („ cuivcs picdivlcil by Ihc 
mass action equation for K — 0 an<l ■> . The best theoreti- 
cal lit to the ditta points (solid curvel yields K - 72IM) 
at 482' K 

A unique dclcrmination of Mii, and the entropy 
factor A is made possible by the requirement 
that these quantities must simultaneously 
satisfy the following two conditions: (a) 
K(T)-- 7200 at 7 = 4«2"K. (b) the tempera- 
ture dependence of c,, must match the 
observed peak height decrease with tempera- 
ture shown in I ig. 3. It is thus found that the 
binding energy of the pair (Mi,,) is ()-275_<: 
0-025 eV, and that A -9±4, (Note that the 
high limit of should be taken with the 
low value of A. and vice-versa.) Using these 
numbers it may be computed, for example, 
that the fraction of the total l .i content present 
as pairs in the sample of fig. 3 is ()-67, 0-4.5 
and 0-28 at 1 20, 1 90 and 260T, respectively. 

4. DlSCnSSIO.N 

The primary point evident from the results 
on co-doped samples is that only one peak 
is observed and this clearly originates from 


the reorientation of Li+S" pairs. Considera- 
tion will be given first to how this and other 
experimental observations compare with the 
behavior expected in the two alternative 
cases where Li+ is assumed to enter the 
hexagonal or tetrahedral sites. 

In the case of hexagonal site occupancy, 
the symmetry of the nearest neighbor (nn) 
l,i*ff‘ pair is low (monoclinic) and a relaxa- 
tion of both the shear compliances s.,., and 
(.V,,— .v,.j) can be predictedI51. It therefore 
seems doubtful that such a pair would produce 
a relaxation exhibiting the strong anisotropy 
evident in fig. 2. Greater agreement could be 
obtained by postulating a next-nearest 
neighbor (nnn) pair, since this has trigonal 
symmetry for which the expressions for 
S/:;-,',,andf>tVijH„are|6|: 

'5) 

and 


In equation (5) u,, is the vol/alom in the host 
crystal and (A|-Ao) is the ellipticity or 
‘shape-factor' of the pair. The assumption of 
nnn pairs to the virtual exclusion of nn pairs 
appears however to be highly unrealistic, as 
the forces binding the pair are primarily 
coulombic in character. Added to these difti- 
culties is the central point, noted in the 
Introduction, that unassociated Li' ions in 
hexagonal sites would be defects of trigonal 
symmetry. Accordingly, their presence should 
be revealed by a separate internal friction 
peak with characteristics conforming to 
Equation (5) and (6) after replacement of 
c„ by (Cij -(•„). from the previously quoted 
value (7,,, =0-65eV, it can be reliably 
estimated that this peak would be located in 
the range 1 00- 1 20T for a vibration frequency 
of 10 kHz. No such peak has been observed, 
Turthermore, it is not possible to explain the 
absence of this peak on grounds of too low a 
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concentration of defects, since the concentra- 
tion of unassociated Li+ at I20°C is typically 
only slightly smaller (by about a factor of 2) 
than the concentration of pairs producing the 
easily detected relaxation at higher tempera- 
tures. Taken together, therefore, the results 
show major incompatibilities with the assump- 
tion of hexagonal site occupancy. 

Turning now to the assumption of tetra- 
hedral occupancy, the absence of a peak from 
unassociated l.i+ ions is to be expected, 
because of the cubic symmetry of the tetra- 
hedral site. Furthermore, the difficulties 
encountered above in explaining the aniso- 
tropy of the pair relaxation are also removed, 
since for tetrahedral occupancy the symmetry 
of the nn Li^B“ pair is trigonal. Though the 
trend of the measurements shown in Fig. 2 
is clearly in agreement with equations (5) 
and (6) for trigonal defects, the agreement is 
not perfect since equation (6) requires a strict 
null for the ( 100) orientation. (The magnitude 
of the (100) peak, though small, is still 10 
times larger than could be accounted for by 
the allowable misorientation error of the 
sample.) As discussed below, the existence 
of the (100) peak is however readily explained 
by the presence of a small relaxation from the 
reorientation of nnn pairs. FIcnee, it appears 
certain that, contrary to Weiser’s calculations, 
Li^ occupies the tetrahedral interstitial sites 
in silicon. Other experimental work, utilizing 
spin resonance [1 8], optical excitation 1 19] 
and infrared [20] techniques, also leads to the 
same conclusion. 

Since the mass action analysis of the 
previous section permits c,, to be calculated 
for given conditions, corresponding values of 
c,, and SE ' may be inserted in equation (5) 
to find the shape factor of the pair. The result 
is |A| - A 2 I = 01, which in terms of com- 
parison with other defects corresponds to a 
moderately small value. It is convenient to 
note at this point that the nnn pair with 
tetrahedral occupancy is of tetragonal sym- 
metry, and accordingly contributes to 
but not to [6]. Neglecting the possibility 


of an additional hydrostatic relaxation involv- 
ing a reaction between nn and nnn pairs [5], 
the ratio of may then be 

written 

where the primed quantities refer to nnn 
pairs. While it is known from Fig. 2 that the 
experimental value of 3S£7|'||,/28£(‘|j^i, is 
IS (at 2I()T), it IS unfortunately not possible 
to obtain (Aj-A') from this equation without 
a knowledge of c\ 

One parameter of a different kind that can 
be evaluated from the available data is the 
entropy of binding A.rj,. This follows from the 
fact that ; = 4 for the nn Li'^B pair configura- 
tion identified above. Insertion of this value 
into equation (4) together with the value 
/I = 9 ± 4 gives the result ^.S|Jk = - 0-8 n 0-5. 

At this point, attention will be turned to the 
kinetics of the relaxation and the magnitude 
of the activation energy Q. The reason that 
this quantity (0-83 eV) is significantly higher 
than the value 0-65 eV for free l.i^ is made 
evident by considering the paths available to 
a Li* ion m moving from one nn tetrahedral 
site to another around a ion. From an 
inspection of the diamond structure, it can be 
seen that this reorientation cannot occur in 
one jump; any path requires the Li* ion to 
jump first away from the H ion to a less 
tightly bound site (either to one of three nnn 
sites or to one even more distant 3rd neighbor 
site). Since such jumps produce a partial 
dissociation of the pair, their activation energy 
can be expected to be higher than that for the 
movement of free Li* ions. Indeed, it is 
tempting to suggest that the difference (0-83- 
0-65) = 0 !8eV may represent a reasonable 
estimate of the difference in binding energies 
between the nearest and next-nearest neighbor 
sites*. 

"Use of ihis assumption gives the value 0 02 

at 2t0T. hrom equation 17) it is then found that (X) -X|) 
■' 2-2(X, -X.;). However, the uncertainties involved 
make this estimate of questionable value. 
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From Nowick’s treatment [21] of the 
kinetics of point defect relaxations, the 
relaxation rate t' ' for a trigonal defect in a 
cubic crystal is given by 

T '=4)',2 (8) 

where 1^,2 is the rate at which reorientation 
takes place from one specified orientation to 
another (1^2), If is the rate of the slow 
nn -► nnn dissociation jump, the rate at which 
a Li* ion leaves an orientation No. 1 site is 
3 m' (neglecting the single even slower Jump 
to the 3rd neighbor site). The probability 
that the Li ' ion returns to a B ion to produce 
a pair of orientation No. 2 is ], since there are 
4 nn sites (each of which corresponds to a 
distinct orientation). With the assumption 
that the reorientation rate is dominated by the 
slow jump ir, it follows that - 3ii74 and 
thus, from equation (8) 

t'' = 3h'. (9) 

Ihe kinetics of Li' motion governing the 
relaxation arc thus represented by w = (t„ V3) 
exp( -(J/A7j, or in numerical form by tr = 
I -7 X 10''' exp (-0'8.3/A 7j. 

-tii.ilfCiil iicl^nowledncmcnl is made 
Id Ihc II S Atomic Fiioigy ('ommission for pailial 
support in tlic curly slupcs ol' this wolk. and to P A 
Roland and W t Pnichel lor their assistance in Ihe 
lahoruioiv 
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INTERNAL FRICTION MAXIMA DUE TO 
RELAXATION OF POINT DEFECTS IN NEUTRON 
IRRADIATED ALUMINIUM 

K. EHRENSPERGER, V. FISCHER, J. KERSCHER and H. WENZI, 
Physik-Department.Technical University. Munich, Germany 

' Received 5 Seplemher 1 969) 

Abstract- The internal friction and shear modulus of pure rccrystallized polycrystalline aluminium 
wires has been studied as a function of temperature by measurement of the logarithmic decrement of 
the free vibrations (64 and 200 c/s) in shear strain (t »= 10 ’) after irradiation with fast neutrons at 
4 6°K. The elementary processes related to these internal friction maxima are discussed m terms of 
the corresponding elastic dipole tensors and the annealing model for irradiated aluminium. 


1. INTRODUCTION 

We introduced interstitials and vacancies 
in aluminium at 4°K by irradiation with fast 
neutrons and studied the internal friction as a 
function of temperature and time (for a de- 
tailed discussion of the change of elastic 
modulu.s after irradiation in aluminium, copper 
and platinum see Ref. [1]). 

The irradiation method has the advantage 
to allow homogeneous, nondestructive and re- 
producible production of defects in thick 
samples and complete removal of the defects 
by annealing treatments below the melting 
point. 

2. EXPERIMENTAL RESULTS 

The polycrystalline aluminium sample con- 
sisted of a spring. The logarithmic decrement 
6 of the free shear vibrations were measured 
in an amplitude range of 3 ; I and with elastic- 
strains e in the range 10"“ < e < 10"-’. 

The spring could be excited in two different 
vibrational modes with different frequencies. 

The free space inside the spring contained 
a thin aluminium wire for resistivity measure- 
ments. 

The .sample was irradiated in the core of the 
Munich research reactor FRM at 4-6‘’Kf2]. 
Details of the experimental arrangement can 
be found in Ref. [1], Maximum relative errors 


of frequency differences: ±2x10 ^ Maxi- 
mum relative errors of friction 5 per cent; 
maximum errors of electrical resistivity ±0-1 
nficm, of temperature ±rK (7'<30°K), 
±0-5°K(30°K <T< IOO“K). ±0-2°K(l00“K 
<T < 300'’K). 

Table 1 presents a survey of the sample 
properties and the different irradiation experi- 
ments performed, 

F ive internal friction maxima were found in 
the temperature region 4-300°K (Fig. 1); the 
behaviour at higher temperatures is shown in 
Fig. 2. 

In Figs. 3-5 and Table 2 details of the 
different internal friction peaks can be seen. 
Several observations indicate that the ob- 
served peaks are not connected with disloca- 
tion damping ( see also Ref. [4]): 

(a) The absence of the Bordoni peak shows 
that the dislocation density was very small, 
(b) The peak heights increased monotonously 
with dose, (c) The preexponential factor To 
is of the correct order of magnitude for the 
diffusion of single atoms (Table 2). 

Although the annealing of some peaks 
(1-4] already starts at the peak-temperature, 
the details' of the figures show that all can be 
considered as real internal friction maxima. 
The results are in agreement with measure- 
ments above 22°K after a-particle irradia- 
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Table 1. Irradiation dose and resistivity 
chanf>e Apu,i of aluminium. Polycrystalline 
samples, purity 99-999 per cent, air-annealed 
at 350°K for 30 min before each irradiation. 
Irradiations 1-3 and 4-5 were performed with 
the same sample, respectively 


No 

1 iisi neuiron dose 

I0'V/(A ■ O-l Mi?Vl/cm’ 

1 

1-4 

2I.S-74-0 1 


5-.1 



4 7 

.S.S2-8_U)-I 

4 

0-4 

.S? .S±0 1 

5 

O-X 

I2()-0 + 0-I 


tion(4], although the necessity of using thin 
aluminium foils in this case prevented a more 
detailed and reliable analysis. 

3. DISCUSSION 
3.1 Annealing model 

The activation enthalpy of annealing of the 
peaks I and 2 coincides with the activation 
enthalpy of resistivity annealing in stage 
and/,,, respectively [7]. 

Therefore, peak 1 is attributed to the relaxa- 
tion of close interstitial-vacancy pairs. Peak 
2 may be due to the relaxation of a freely 
migrating interstitial (see Ref. [4] for a differ- 


Table 2. Churaclerisiic data of the internal friction maxima. Explanation of 
symbol.^: wJ2tt - frequency of fundamental vibrational mode; H ,,' = activation 
enthalpy of relaxation, (alculated from the shift of the peak-temperature with 
Ireiiuenry. H,,' and H,,- were calculated from the half-width of the peaks for the 
two freipiencies used. The activation enthalpy of annealing Ha 'tn.v evaluated by 
the method of .\lope-changc\?i,5] of the time dependence of the internal friction 
maxima, n indicate.', the number oj jumps till annihilation at the beginning of 
the annealing, calculated from Ha and the measured time dependence o/Q 
The value ofAp was calculated with the aid of equation ( I ) 


Mii\ no 


1 

l/> 

■) 

3 

4 

5 

lii’.iclnilion no 1 
iiijltr 
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6,1 -x 


63 9 

63-9 

63 8 

63 8 




63 7 


63-. 3 
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6.3 (1 

63 0 

63 2 

63-0 
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97i25 
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Fig. I. Internal friction Q ' = 8 ■ ir and elastic shear modiiitis (i normali/ed to the value 
C'li at 8'4”K, during warming up (l°K/min). Measurement 4 Two difl'erent frequencies 
I' were used. 6.^ Hr (triangles circles) and 271 Hz (squares). The numbers indicate the 
position of identified peaks. Full circles: measurement after annealing at .I.IO'K. No 
Bordoni peak can be observed due to the annealing treatments. 

ent explanation). According to the resistivity figuration of a ( I00)-dunibbell. whose elastic 
measurements, the mean lifetime t/, of the stress field can be represented by a double 
interstitial at 37“K (stage //,) is f?(IO'’sec), force tensor with two independent com- 
with a number of jumps till annihilation ti = ponenls.pi and p. (9- 10]. 

1 ■ • ■ 10 and a certain Jump frequency /(n = In our case the largest splitting of energy 
,/’■ rjJ. levels of the elastic ‘dipoles' under the applied 

At the temperature of peak 2 (42°K) the strain € = 0(10 ■>). |pi-p..|.e is always 
jump frequency is/ w 0( 10*- sec '), where- smaller than AT. since |p, -p.| = 0( 1 eV). 
as T;, = 0(10'' sec), too. Therefore, the num- I hercfore, the linear approximation of the 
her of jumps till annihilation must have relaxation process is valid, which leads to a 
increased by a factor of 10'' 10*, if the same relation between (9 ' and the microscopic 
defect is assumed to participate in stage tn parameters, namely (9. 11, 12): 
and peak 2, This increase of n could be ex- 
plained by the annealing of most of the reac- „ , _ ^ m 1 (,^p)~ ^ 

tion partners at the peak-temperature. The 
kinetics of the ^“'-annealing follows a reac- 
tion order between I and 2 (.5, 1 IJ, where il indicates the shear modulus, r,, the 

The peaks 3-5 can be attributed to the re- atomic volume, Ap = pr-Pa- the peak- 
laxation of smaller clusters of interstitials[4), temperature, and c the concentration of de- 
fects, given by the corresponding resistivity 
3.2 Dumbbell interstitial change Ap and the resistivity per unit con- 

The interstitials have probably the con- centration of defects p„ as c = Ap/p;,. 
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t i(j 1 Ink'in.il fnclion hihI cliislic shciir modulus, irnidiation 2. Triangles and crosses 
mcasuicmcni during warming up after irradiation t4"K./min), full circles and empty circles- 
allei annealing till 2''5‘’K (end ol annealing stage III13|) The increase of G Mipciimposed 
or the nortn.il deciease with using lempciaturc is discussed in Ref. 1 1)1, Treqiiency v = 62-5 

Hi. 


With the data of Table 2 and assuming inter- 
stitial-vacancy recombination as annealing 
mechanism (p,, = p, = 400 /atiem (61). the 
result for peak 2 is: | A/r] «= 4 eV, 

Table 2 contains the corresponding values 
for the other peaks. The relative volume 
change due to the stress field is related to 
the trace of the dipol-tensor trp by the rela- 
tion! 12|: 

AT’ C I 


where k is the compressibility. With c = Aplpf. 
AVIV = and the esperimental values 

of the relative lattice parameter change Aala 
[6] this equation allows to estimate a lower 
limit for trp, by using the resistivity decrease 
measured during the annealing of the internal 


friction peak; trp = 38eV, Then, the ‘aniso- 
tropy’ .3|A/7|/lrp of the interstitial would be i 

In the conversion-two-interstitial model [8] 
the stable interstitial of dumbbell-type is 
expected to migrate in annealing stage HI, 
with its maximum annealing rate at about 
225‘’K [ 1 1. If the activation enthalpy of relaxa- 
tion of this interstitial is equal to the activa- 
tion enthalpy of annealing in stage III (0-58 eV 
[3J). an internal friction maximum would be 
expected at about 230°K by using a vibration 
of w = 300 c/s and r,, = lO"'’’ sec. 

In this temperature range no internal fric- 
tion maximum could be detected (Fig. 2). 
The low temperature slope should have been 
visible already at 200°K. According to the 
experimental error of the (2''-nieasurements, 
and using equation (1), the largest possible 
value of Ap\ = 0-4 eV. Therefore, the ‘aniso- 



internal friction peaks I and Ib, measured during heating or coohng ( I^Kyminl. The numbers indicate different iiradia- 
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8"’K are probably due to the presence of liquid helium droplets. 
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I ig 4 Internal friction peak 2, irradialion No 3. Vibralional fieqiiency a = 63 
H; Tilt dilferenl curve^ were mcasuicd with r'K/min after reaching a lempcra- 
lure ol 2K-6'Kla). 38-9“K(h). 41'5''K(c), 44-2'’Kld), 43”K(e), (20 mm at 43“K), 
4K'4''K(f) and cooling down again (except curve (d), which was measured during 


Kig. 5 Internal friction peaks 3, 4 and 5 Irradiation No. 3. Frequency v = 
63 Hz The different curves were measured during healing (TK/min) after 
reaching a temperature of 48-4°K(a). 56-rK(b), 57-3°K(c), 59'6°K(d). 6C°K 
(70 min (el) and cooling down again. Peak 3 is hidden under 4 and appears 
clearly after annealing at 60“K. 
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tropy’ would be smaller than 1/30. Such a 
small value cannot be expected for a dumbbell 
configuration [10], Since all peaks anneal at 
temperatures below stage HI, the observed 
maxima cannot be due to the reorientation of 
the stage Ill-defect. 


REFERENCES 

1. EHRENSPERGER K., FISCHER V., KFRS( HER 
r. and WF.NZI. H., to he pubhshed. 

2. MEIBNER H., SCHILLING W. WENZL H., 
Eiirnpii. mid 2. 277 (1%5)', DOLL R., MEIBNER 
H , RIEHL N , SCHII I INC. W. and SCHMEIB- 

17,321 (1964) 

3. SCHII I ING W., BURGER G., ISEBECK K. 
and WENZL H.. Annealing stages of the electrical 
resistivity in fee metals. Fiicci/icm and Inicntitwh 
in Mends (Edited by J. Diehl. W. Schilling. D 
Schumacher and A. Seeger), North-Holland. 
Amsterdam (1969). 


4. RIGGAUER M., SCHILIING W„ VOI K1 J. 
and WENZL H., PIm. Status Solidt 33, 843 (1969). 

.S. KERSCHER I ,. Thesis. Technisehe Hochschule 
MunehenI 1968). 

6. WENZl H.. Physical properties of point defects in 
cubic crystals Viiiandes and Interstitials (Edited 
by J. Diehl, W, Schilling, D. Schumacher and A. 
Seeger). North-Holland, Amsterdam ( 1969). 

7 CORBETT J. W. Electron Irradiation Daniafte in 
Seniu onduetors and Metals. Academic Press, New 
York( 1966) 

8. SEEGER A , Facaneies and Interstitials in Metals 
(Edited by J. Diehl, W. Schilling, D. Schumacher and 

Seeger). Norlh-Holland, Amsterdam (1969). 

9. KRONMLII I ER H . yaiariiirs and Interstitials 
in Metals (Edited by J Diehl, W. Schilling, D. Schu- 
macher and A Seeger). North-Holland, Amsterdam 
(1969) 

10. SEEGER A , MANN E. and JAN R. V., J PIm. 
Chein So/iifv 23. 639 ( 1962) 

II FISCHER V. Diplomurheii. lechnische Hoch- 
schule Munchen( 19691 

12. NOWICR A. S. and HEl LER W. R., Adv PIm. 
14,101(1965). 




}. Hhys. Chem. Solidx Pergamon Press 1970. Vol. 31.pp. 1843-1855. Printed in Great Britain 


INTERNAL FRICTION IN LOW TEMPERATURE 
IRRADIATED bcc METALS 

V. HIVERT, R. PICHON, H. BILGER, P. BICHON. J. VEHDONE, D. DAUTREPPE 

and P. MO.SER 

.Sei viec dc Physique dii Solide tt de Rcsomintc Magnetique, Ccnlrc d'Fliides Niicleaire.s dc 
GrenoNe (.^8). rraiiec 

[Ret ('ii'ecl S Sf‘plftnht ’1 /n ivi'/irr/Zur/il 7 Nin'cmhcr 19^9) 

Attract- Intel nul I'nelKin peaks observed on iriadialcd non .ind niolybdeniini are picsented An 
mlerpi elation is proposed, which supposes a one-inteistitial model. 


1. INTRODUC TION 

In a recent review article ( 1 1 Schulze pointed 
out that body centred cubic metals may be 
divided into two groups. The first one. which 
includes Fe. Nb and l a. is characterized by a 
small, apparently impurity dependent (21, 
stage III of the electrical resistivity recovery 
curve. I'he second group, which includes Mo 
and W. exhibits a large stage III which is less 
impurity dependent than for the first group. 

In this article, we present internal friction 
results obtained on iron and molybdenum, 
metals belonging to the first and second groups 
respectively. Because the interstitial causes a 
local reduction in the symmetry of the lattice 
it should, by its reorientation, give rise to a 
mechanical relaxtition phenomenon. The 
search for and the study of low frequency 
internal friction peaks is thus a method which 
should permit the identification of the free 
interstitials. 

.Several authors have suggested an inter- 
pretation of the difference in behaviour be- 
tween the two groups of bcc metals. Some of 
them have proposed the following; 

For the first group a one-interstitial model is 
suitable with the free interstitial annealing in 
substage I,., [3]. For the second group a two- 
interstitial model is needed, the first inter- 
stitial type being metastable and annealing in 
substage L, and the second type being stable 
and annealing at stage 111(4]. 


On the other hand, the results which we 
have obtained for two metals Fe and Mo. one 
of each group, are easily interpreted in terms 
of a single type of interstitial which anneals 
out at stage 1. In the case of iron, we have 
furthermore been able to determine the mo- 
bility and symmetry of the interstitial. 

2. SPECIMENS, IRRADIATIONS AND 
MEA,SURING TECHNIQUES 

The polycrystalline iron was supplied by 
Light and Co. and purified by zone melting to 
yield a final total concentration of impurities 
of less than 0-003 wt. %. Single crystals were 
prepared by Dr. F. Terasaki at Irsidt starting 
from electrolytic iron heat treated in vacuum: 
the final total impurity concentration was less 
than 0 04 wt. %1.^|. The specimens were in 
plate form with length 3 mm, width I mm and 
thickness 0-5 mm. We were able to cut single 
crystal samples with axes parallel to (100) 
and (110). The specimens were heal treated 
at 880°C for 6 hr in an atmosphere of pure 
hydrogen. 

The molybdenum was supplied by N.R.C. 
The specimens, which were in the form of 
wires of 0-5 mm dia. and 66 mm length, were 
annealed at 2200°C in a chamber whose 
rcsidtuti pfessure did not rise above 10 '' torn 
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Neutron irradiations were carried out in the 
liquid neon or nitrogen irradiation facilities of 
the Melusine reactor at Grenohle. The molyb- 
denum was irradiated at and the iron at 
28 or 77°K, The samples were subsequently 
transferred to the inlernal friction pendulum 
iind mounted without intervening warm-up. 
The transfer at 28°K is a particularly delicate 
operatiim as one must avoid the formation of 
solid air which introduces parasitic friction 
effects. It was effected in the present experi- 
ments under a neon atmosphere. 

I he electi on irradiations were carried out in 
a .1 MeV Van der Ciraaf accelerator at a 
specimen temperature of 2l)°K The speci- 
mens were then transferred at 28 or 77‘’K to 
the measuring pendulum, f 'ertain molybdenum 
stimples were studied in situ, by means of a 
pendulum which wtis housed in the irradiation 
cryostat. Measurements could then be started 
at 2()"K after the evaporation of the liquid 
hydrogen. 

All such internal friction studies were made 
at low frequency (0-2.‘i-l H/l on inverse 
pendulums. The tension in the samples was 
less than 4g/mm-. for the measurements on 
iron the sample was held in a magnetic field of 
KKlOe which was siillicient to suppress 
internal friction eIVccts due to motion of the 
bloch walls. 

.t. KXPKRIMENTAI. RF..St)U,S' 

(а) Low li’inperaliin' irmclialioii of poly- 
crystalline iron 

(I) (th.'.en'aiion of inlenuil friction peiik.s. 
We have tilready demonstrated the existence 
of four peaks when iron is irradiated ;it 77°K 

[б] . figure 1 shows the results obtained for an 
irradiation at 28°K. with specimen transfer 
and mounting effected at this temperature. 
The internal friction was monitored at a 
frequency of 0 5 H/ during a linear tempera- 
ture increase of I6(17hr. No significant peaks 
appear between 28 and 1 10“K. Subsequently 
we observe the four peaks already mentioned: 
l,i at IHTK, I', at I26°K, 11' at L^I^K and 
lir at 245”K. 


The symbol used to label each peak indi- 
cates at which stage of the resistivity recovery 
it disappears. On this same figure we show the 
internal friction observed, still at 0-5 Hz, after 
a .4 MeV electron irradiation (2-7 x 10’" elec- 
Irons/cm”). for this case a single well defined 
peak is observed at 1 29°K. 

Figure 2 presents the internal friction ob- 
served at 100 Hz after a neutron irradiation at 
77°K. The peaks 1/; and 1^;. do not appear 
because they are now displaced to higher 
temperatures where the annihilation of the 
defects with which they are associated is very 
rapid. This figure demonstrates the necessity 
of low frequency experiments in such point 
defect studies. 

(2) Annihilation of defects. In the course of 
an isothermal treatment at 1 10°K. the peak I j, 
rapidly disappears, which implies that the 
corresponding defect undergoes only very few 
reorientations before annealing, figure } 
shows the isochronal recovery of peak 1^. 
from this curve, we deduce that the kinetics 
of the annihilation of the associated defect is 
of order 2. This result is confirmed by the 
behaviour of the recovery process as a function 
of the irradiation dose. As the peak is dimin- 
ishing with time at the temperature at which it 
is evident, the experimental peak height h,. is 
less than h, which is ihe height that would be 
observed without any elimination of the associ- 
ated defect. Also the temperature T,.. at which 
the apparent maximum occurs, is lower than 
that of the theoretical maximum T,. The ratio 
hjli,. and the difference ( 7", — T,.) both increase 
with increasing dose of irradiation. 

For l()'"n.v.[., h,lih~ 1-6 and T,-T^- 
3°K whilst for 2x 10'"n.v.t., hjlir - 2 and 
T,-T,. - 4°K. 

I'hc other characteristics of the defect 
responsible for the peak I,, are as follows: 
Kncrgy of reorientation = 0'25 ±0-02 eV. 
Energy of migration E„, = 0'25 ± 0 04 eV. 
Mean number of jumps effected by defect 
before annihilation = about 200 (for a dose of 
l•9x 10'“n.v.t.). 

The peak observed at I29°K after electron 
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t i(i, 2 Inloniiil Inctioii ;il Irct|ucnc5 dI' KM) l|/, m pure polyerysmliinc non iil'lt'r neutron 
irradiation at 77''k (0-9 )< !()'“ n v I . E' > I Me V ). 


irradiation (see Fig. I) has exactly the same 
chtiracteristies ;is the petik I,' tippearing til 
I26“K titter neiiiron irradiation and which we 
have described immediately above. We there- 
fore iilliibiite these two pciiks to the same 
defect. The diffeient values for T,. mtiy be 
explained (taking account of the din'erent 
heights /i, I by the differing concentration of 
defects ticcordmg as the irradiation is ctirried 
out with electrons or neutrons. 

The elimination of peak 1 1 ' is complex and 
extends over the tempertiture range 160- 
2I0"K when studied in the course of an 
isochrontil annetil. 

Peak III which is centred at 24.S°K and 
was found to have a width very much greater 
than the theoretical value, does not appear to 
be related to a rehixation phenomenon because 
it is not accompanied by an associated reduc- 
tion of the shear modulus. Furthermore, the 
isochronal annealing of the defect does not 
obey simple kinetics, its time dependence 
being approximately described by a r law. 


(b) PolycrystalHne iron-low temperature 
irnidiaiion and rolling’ 

Subsequent to irradiation the specimens 
were rolled at liquid nitrogen temperature. 
Figure 4 shows the dependence of the heights 
of the pciik I;', IF and I IF on the degree of 
coldworking. The heights of peak l,,t and IF 
diminish with increasing coldwork probably 
because of the sweeptng away of the point 
defects by the dislocations. On the other hand, 
peak 1 1 F grows quite clearly as a result of the 
treatment. The peak I,, was found to be too 
small to be studied in this way. 

A pure iron sample rolled at 77°K without 
prior irradiation yielded a peak rather anal- 
ogous to peak 111' but generally situated at 
some higher temperature whose exact value 
depended on the purity of the sample. 

(c) Irradiation of single crystals of pare iron 

Figure 5 shows the results of internal fric- 
tion measurements after neutron irradiation of 
single crystals samples with axes parallel to 
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(100) and (110). The corresponding results 
for electron irradiation are shown in Fig. 6. 

Peak I/; (for neutron irradiation) is not 
evident in the specimen with axis parallel to 
( 100 ). 

Peak 1^ appears for both types of irradiation 
and sample orientation. 

The so-called peak 1 1 ' (neutron irradiation) 
is in fact a combination of two peaks. One. 
appearing clearly for the sample whose axis is 
parallel to (110) is situated at I42°K and is 
labelled ll,‘ and the other. IF , appearing for 
the sample whose axis is parallel to (100), is 
situated at I.S8°K. 

After subtraction of the background contri- 
bution to the internal friction and separation of 
the overlapping peaks by the standard methods 
we obtain the experimental relaxation ampli- 
tude A,,, as listed in T able I . for the two sample 
orienlations. These results could then be used 
to determine the orientations of the defects 
responsible for the peaks, as we now show: 


where the Oi's are the cosines of the angles 
between the specimen axis and the axes of 
the cubic lattice. 

For iron [9], .v = 0-862 x 10“'' cm’/dyn 
■v' = 2-078 X 10 '■ cm^/dyn. 

Using the value of S.\ and 6.v' given by 
Nowick and HellerllOl for the possible 
orientations of a point defect together with the 
corresponding values of .v and x’ for iron, we 
obtain the expression for A,, as presented in 
Table 2. We note that for a defect having its 
axis in the (1 10) direction Ar, is independent 
of 6x' for the sample whose axis is parallel to 
(100) because in this case T = 0. For the 
sample with axis parallel to (110) r= 1/4, 
which gives: 

, fi.v + 6.S ' 

‘^f; ~ ; I 

,V +.V 


Tdhie I . Experimental rallies ofX. X 10' 




U 

1 lO'-'k 

l-,\pcnmcnuil a-sulN 

1; II, 

I’b-K I29'K I42'k 

11, 

I58"k 



neuiron 

neutron 

elcciron 

noulron 

neiilron 

c 

(100) 

o-^o-i 

2-4 + 0-2 

1-2^0 4 

OeO-2 

7+0 .S 

e!' C 

3 

(110) 

0-2 

1 2 + 0-1 

1 2 ± 0-4 

4±0 4 

24.0-2 


Using the hypothesis that the relaxing point 
defect behaves as an elastic dipolc|7,8|, we 
thus express the amplitude of relaxation as 
observed in torsional oscillation as: 


X and .v' are positive, on account of thermo- 
dynamic considerations, similarly 6s and 6s' 
are also positive. The minimum value of Af, for 
a known 6s is obtained when 6s' = 0, whence: 


fi.v-^2(5.^'-8.v)l' 
.v + 2(.v'-.v)l' 


(I) 


where s = .?ii and s' = 2(su “-Ui): .Vi,: .Vi 2 and 
,s\n are the elastic constants. F is defined by the 
relation: 


r = + a/aj" -h 


A,. -3 


6s 

s' + s' 


A comparison of Tables I and 2 leads to the 
following conclusions: ( I ) l,t is due to a defect 
of orientation ( 100) (2) is probably due to 



1848 


V HIVF.RT el ill 




l iH ' hdllK'i nidi duncdlmi; nl tlic l?<i K pcdk I lie 
iMliedl enive loi scchikI okIci I^IIK'IK'^ iiml expcimH'iil.il 
piimis 


II dcR’ct 1 ) 1 ' Diieiilation <IIO)t (for both 
nciHioii and clfctioii inadialions). (,^) II, is 
due to a del’cet of orientation {100) ll| may 
possibly be due to a defect ol orientation 
{III). 

(d) Imtdiiilion of polycryxiiilliiw iron dopcil 
with conlrollcd coiu cnliiittons ofiinpitnlies 
If the impurity coneentration is low (up to 
about .S X 10' atomic ppm) peak I,'. is observed 
and the charaetenslies of reorientation (re- 


I'C orrcspondinp to [lie lltf) .ind I2‘)"k peaks, we lound 
a inapnclK allci-ell'eel /one .\ eompicte study of Ihis 
magnetic aflcr-cffccl was earned out alter neutron irradia- 
tionl31. The results were rot exactly identical (kinetics 
not exactly of a second order- symmetry nearer <I(H)> 
than (lit))). Our explanation was that the magnetic 
afler-ellect cannol distinguish I,) and I* defects 


Table 2. Theoretical values of \^X 10’ 


Relaxing defect orientation 




<I00) 

(110) 

<m> 



8,-0 

8, 0 

8,. = 0 

c 



8,. 0 


*7 2 

<IOO> 

0 

1168s 

t 16 8.1 

7 « 

r 0 




Si 

(110) 
n 1 / j 

034 8.1’ 

s 0 .34 8.1 

0 34 8,s 


orientation energy and frequency factor) are 
unchanged. Nevertheless the characteristics 
of the recovery stage are strongly chiingcd. 
The recovery process is very much more 
nipid and tends to kinetics of order 1 1 1 1 . 12]. 
1 he mean number of jumps executed by a 
defect before its climintition decreases con- 
sidenibly (9 jumps for 5 X 10* ppm nickel). In 
the presence of nickel or silicon the disappear- 
iincc of the peak 1;! is accompanied by the 
emergence of another peak [11.121. 

(e) Electron and neutron irradiations of 
molybdenum 

bigiire 7 shows the resistivity recovery 
curve after electron irradiation. .Stage I is seen 
to have a narrow substugc at 4I"K and a large 
stage III is evident. In Fig. 8 is shown the 
internal friction peak found after the two types 
of irradiation. This peak anneals out in the 
temperature range of the 4rK substage. No 
comparable peak appears in the vicinity of 
stage III (sec Fig. 9). De Jong has found an 
elastic after clfect in this vicinity ( 13] which he 
has attributed to a free migrating interstitial. 
However in this temperature range we some- 
times found large peaks which were irrepro- 
ducible both in position and annihilation 
behaviour and which were probably due to the 
superposition of several different effects such 
as: molybdenum structure, handling, irradia- 
tion conditions, etc. 

4. DISCUSSION 

As will have been seen from the introduction, 
we shall focus our attention on the search for 





rallel lo <IOO> and <11 
: > ! MeVl. 
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l ij; 7 Ki'covory ol Ihe ri’sislivitv ;irier cicclion irniiliii- 
iHiii III piMi.' nuilyhilL-mmi al 2(rK iMichuiiiiil anncalin); 
07 - I'k 2()"K 1- XO k. M VK «(rk • t 

Wk, A7 - 5' K ^(H)'k ■ 7 ■ 55(l'k, and lOmn) 


(a) Model for iron 

The results of the experiments on coldwork- 
ing after irradiation show that we can reject 
the hypothesis of a mechanism involving 
dislocations as an explanation of the behaviour 
of peaks 1,^ and 11^. Peak III*, on the other 
hand, is directly related to the dislocations. 

Peaks I,* and II* are absent after electron 
irradiation. Peak 1,^ is the only one which can 
he attributed to the free interstitial. The 
following characteristics confirm this hy- 
photheis: 

( I ) The peak I*, which is associated with a 
reduction of the shear modulus, is due to a 
simple relaxation phenomenon because its 
width is close to the theoretical value for such 
a phenomenon. 



F in S. Inlcrn.ll friction at the I'icqiicncy of 0-25 It/ in polycryslulline 
niolyhdcnnm after 2 MeV election iiiadiation ( I0‘“ election/cm'') al 
2()“K- and internal fiiction al Iheliequcncyof I in molybdenum 
after neutron irnidiiilion (5 X IO'’n.v.t. I MeV)at28"K. 


peaks which can be attributed to the free (2) The second order kinetics of the annihi- 
intcrstitial. lation of the corresponding defect, and the 
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Eig y Inlernal tiicluin at the ficqiicnty of 0 5 H/ in molybdenum after room temperature 
irradiation (f - 3 McV.5 x I0'“eleciron/cm“l 


value of 200 fotind for the mean number of 
jumps prior to annihilation are both compatible 
with a random migration. 

(.1) The modification of the annihilation 
characteristics in the presence of impurities 
may be interpreted in terms of a free migration 
followed by trapping. 

(4) The (110) symmetry of the defect 
responsible for 1^; as well as the equality in the 
reorientation and migration energies arc in 
agreement with the theoretical calculations of 
Johnson! 14) for the self interstitial in iron. 
The experimental value of0 025±0 04eV for 
these energies is lower than the calculated 
value of 0’32eV but the difference is not 
surprising in view of the complexity of the 
parameters which must be introduced in a 
calculation of this type. 

The broad peak 111* is not accompanied by 
any measurable reduction in the shear 
modulus. It does not appear to be related to a 
relaxation process and so cannot be attributed 
to the reorientation of a second type of inter- 


stitial. This conclusion is confirmed by other 
characteristics of the peak, namely its modi- 
fication after coldworking and the complex 
fashion in which it disappears. We thus 
explain this peak UP by a variation in the 
continuous background related to dislocations. 

We shall not discuss peak l,j in the present 
article beyond the observation that we associ- 
ate it with the orientation of close pairs which 
are characteristic of the neutron irradiation. 
Neither shall we discuss peaks 11* and Iff 
which arc attributed to small agglomerates 
(di-intei'stitials and di-vacancies). 

ib) A nisoimpy aH-fficieni for the inicrMititil in 
iron 

To describe the interstitial in iron which is 
related to the peak 1^ we now' determine the 
parameters A,. K., and A, characterising the 
equivalent elastic dipole. 

After Nowick and HellerjlO!. for a defect 
having its axis in the direction < 1 10."- we have 
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the following relations; 




(2) 

J, , ICVn /A| + A 2 
- 3kT( 2 ' 

J 

(3) 


where 8.v and 8.v' are the quantities employed 
in Section 3. C is the concentration of the 
defect responsible for the observed peak, V,, is 
the atomic volume and T the temperature of 
the peak. 

The interstitials giving rise to peak 1^* are, 
according to our model of a single type, name- 
ly those which are annihilated at stage U. or, 
after agglomeration, at later stages (annihilat- 
ing at the same time as those agglomerates 
formed during the irradiation). 

Hy analysis of the results obtained in diverse 
experiments (stored energy release [3], mag- 
netic after effect [31, electrical resistivity 
we are able to estimate that ;i neutron dose of 
I 9 X 10'" n.v.t. produces lOOOppm Frenkel 
pairs and that 40 per cent of the interstitials in 
these pairs contribute to the peak Ij! . We have 
seen that when the peak 1^^ is observed, about 
.30 per cent of the defects associated with it 
have already been annihilated. I'hus the con- 
centration C to be related to the experimental 
height of l,T is 200 ppm. 

If we insert the data of fable 2 into equation 
( I ), we obtain fi.v = (2 06 ±0'20) 10 '•■'cm-/dyn 
and 8.v' =( 1-46 ±0-14) lO'’’’ cm'-/dyn. V„ is 
practically equal to 10 -’''cm', A = 1-38 x 10“"' 
ergs/" and T = I26°K. To relatitins (2) and (3) 
we can add, as proposed by Di ('arlo[l6| the 
equation giving the relative increase in the 
volume produced by the introduction of the 
defect • 


\V 

y A| b Aj + A;i (4) 

we take WjV equal to 1-6 as calculated by 
Johnson for the interstitial in iron[l4|. We 
thus obtain: 

A, =0-68 ±0-07 As =047 ±0-04 

A.t = 045±0'04. 


In the estimation of the errors we have only 
taken into account the uncertainties in 
Af, (100) and (110) because the uncer- 
tainties in all other quantities are negligible. 

(c) Model for molybdenum 

For molybdenum the solution of the problem 
is at a somewhat less advanced stage than for 
iron. This is a consequence, in particular, of 
the absence of results on the isothermal 
annealing of the peak situated at4rK. Never- 
theless the presence of this peak after both 
neutron and electron irradiations, its width 
corresponding clearly to the theoretical value 
and its rapid annealing, seem to justify its 
identification as a peak having the same origin 
as the peak 1,3 in iron. 

In the region of stage III no internal friction 
peak can be related to the large stage in the 
resistivity recovery. Furthermore the random 
effects mentioned above exhibit strong simil- 
arities with the peak HI* observed after 
irradiation and coldworking or iron. 

5. CONCLUSION 

I'he results obtained for iron demonstrate 
the importance of the relaxation phenomenon 
related to the free interstitial migrating in the 
vicinity of stage 1^,. 

In the vicinity of stage III no peak could be 
associated with migration of a second type of 
interstitial. The internal friction effects ob- 
served in molybdenum in the vicinity of stages 
I and III are very similar to those observed in 
iron. 

Consequently, although these two metals 
have different resistivity recoveries it appears 
that their behaviour can be interpreted in 
terms of a unique model requiring a single type 
of interstitial which migrates freely at stage 1^. 


Al knowle<lncmcnl\ — Wc wish lo lhank Dr, J. Philiherl 
who kindly supplied us wiih the iron single crystals and 
(i de Keating-Harl who as well as participating in the 
c.xperiments, perfected the technique of sample transfer al 
28°K We are also grateful to Dr. J. Belson for assistance 
in the translation of this paper. 
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ANOMALOUS ATTENUATION IN LITHIUM 
TANTALATE* 

J. C. WORLEY, A. B. SMITH wd M. KESTICIAN 

Sperry Rand Research Center, Sudbury. Mass. 01776, US 

(Rei co edS September [969:111 revised jorm 1 November 1969) 

Abstract- 1 ongitudinal-wave attenuation measureincnts have been made in lithium lantalate single 
crystals grown liom melts containing varying amounts of lithium and tantalum I hese measurements 
coveied a temperature range of 4-300, K and a frequency range of I- 10(1 H? A peak at about 30“K 
has been found in the temperature dependence of the attenuation The shift of the position of this 
peak as the frequency is varied indicates that it is caused by an Arrhenius-type relaxation mechanism 
Studies indicate that the height of the maximum is dependent on the l.i/Ta ratio and independent of 
the amount of reduced lanialum or oxygen vacancies present in the sample. 


It is of both scientific and practical interest 
to discover low-loss acoustic materials. 
Attenuation measurements in several promis- 
ing new materials [I -8] have been reported 
in the last few years and among them is 
LiTaO;,f91. We report here the presence of 
an anomalous peak in the temperature- 
dependent attenuation of this material. 

Measurements were made on C/ochralski- 
grown[10] r-axis crystals over a temperature 
range of 4-30fl°K and a frequency range of 
1-IOGHz. The samples used in this study 
were cut from boules which had been poled 
(11] after growth in order to insure the 
presence of a single ferroelectric domain. 
The samples were rectangular parallelepipeds 
approximately 2-5 mm square by 1 0 mm long 
with the square faces polished flat to l/IO 
wave and parallel to 5 sec of arc. 

The arrangement used in this experiment 
was a typical pulse-echo setup, which is 
shown in Fig, I. The ultrasonic waves were 
excited ( 1 2| at one of the 2-5 X 2-5 mm surfaces 
of this piezoelectric material and no separate 
transducer was needed. The attenuation 
measurements were made by observing the 
changes in relative echo heights, with a 


•The work reported heie was partially supported by the 
Air Force Materials Laboratory at Wrighi-Patlerson Au 
Force Base under contract No. F336l5-68-{'- 1099 


calibrated attenuator which was capable of 
measuring differences lo an accuracy of 
±0 02 dB. I he sample was contained within 
a copper block, the temperature of which 
was measured by means of a carbon resistor 
at very low temperatures and by a gold- 
cobalt vs. copper thermocouple above .30“K. 
It was possible to maintain the temperature of 
the block to within ±0-01°K for any desired 
length of time by means of a heater within 
the block which was energized by a differen- 
tial temperature controller connected to the 
thermocouple through a potentiometer. 

The results of our measurements of longi- 
tudinal-wave attenuation on one LiTaOj 
sample are shown in Fig. 2. (In this and all 
subsequent figures, the attenuation has been 
normalized to zero at 4°K.) The results 
in Fig. 2 are in agreement with previous 
experiments[9] except that now in the low- 
temperature region the presence of a peak at 
approximately 30“K has been revealed. As is 
described below, the /if'/g/it of this peak is 
dependent on the ratio of Ta to Li in the melt 
from which the crystal is grown. In the 
sample of Fig. 2, the melt contained 5 per 
cent more Ta than the stoichiometric amount. 

Barrett (13] has observed an attenuation 
peak in KTaOa which occurs in the same 
temperature range as the one reported here. 
He has explained the occurrence of the peak 
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in KT:iO,i in terms of interactions with ther- 
mally excited phonons in a transverse optical 
phonon mode. This is a 'soft' mode which has 
a very low frequency at long wavelength as 
ciin be independently verified by far-i.r. re- 
flectivity measurements! 14] and other tech- 
niques. It does not seem likely, however, 
that a similar effect is responsible for the peak 
we observe in [.iTaC).,. The KTaO:, data was 
taken in the paraelectric state as this material 
only approaches a ferroelectric state as T 
0°K. On the other hand. l.iTaO;, with a ( urie 
temperature of ~6(K)°C[I5j is a ferroeicciric 
at all normal temperatures. (No compre- 
hensive infrared orother studies of the phonon 
mode structure in LiTaO;, are available. The 
only measurement we are aware of was made 
on a sample from the same batch which pro- 
duced the pure’ curve in Fig. .T In an infra- 
red transmission experiment the i.r, energy 
reaching the detector was seen to decline 
monotonically in going from 40 cm”' to 10 
cm ' as might be expected from the normal 
frequency dependence of the dielectric con- 
stant.) 

Peaks of the type shown in Fig. 2 have been 


successfully explained in a number of other 
materials! 16-1 8] in terms of various relaxa- 
tion processes. All these processes are as- 
sumed to have relaxation times r„ which obey 
the so-called Arrhenius relation [ 1 9] 

T„-T„e^^"T (1) 

where A£ is the activation energy of the 
appropriate transition. Since the maximum 
energy will be absorbed from a sound wave 
of frequency w when wt„ = 1 . this type of 
absorption process leads to a peak super- 
imposed on the usual attenuation vs. frequency 
curve. 

The temperature at which the relaxation 
peak occurs, it should be noted, depends on w. 
Flence A£ and 7o can be determined by measur- 
ing the peak temperature 7„ as a function of 
sound frequency. A plot of IjTp vs. inw 
should be a straight line for this process as 
can be seen by taking the logarithm of equation 
(1). Figure 3 shows such a plot for the data 
given in Fig. 2. All the points fall very close 
to a straight line with the exception of the 
8-5 GHz point, but at this frequency no peak 
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is apparent because of the high normal 
attenuation and the position of the peak must 
be estimated. From the figure, the charac- 
teristic time Til is found to be4’27x 10''- sec 
and the activation energy AE is l•02x 10’ 

Figure 4 shows a plot of attenuation vs. 
temperature for shear waves at 2'78GFl7. in 
c-axis LiTaO;,. The existence of the ano- 
malous attenuation under shear stress indi- 
cates [19] that the cause of the peak is such 
as to produce local strains which have a 
symmetry lower than that of the lattice. 

Longitudinal-wave attenuation measure- 
ments were also made on a number of samples 
grown from melts of different compositions 
with the results shown in Fig. 5. It is seen 
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Fig. .1. Plot of frequency vs. I/T,, for data given in Fig. 2 

that the height of the peak is dependent on 
the Ta/Li ratio. In an attempt to discover 
the specific cause of this dependence, several 
additional experiments were performed. 
X-ray powder patterns were taken of sections 
of the boules from which the samples with 
5 m% excess tantalum and 5 m% excess 
lithium were cut, Within the accuracy of 
our measurements (±0-02 A) there was no 
change in cell size. Also, no indication was 
seen of the existence of a different phase 
within the crystal. In order to determine 
whether the crystals which exhibited the 
peak were being affected by impurities, 
several samples were measured by means of 
emission spectrometry. The amounts of 
impurities were small (less than 2 ppm) and 
were the same within all samples. 

It is evident from the pale yellow colora- 
tion of LiTaO:i samples grown by the 
Czochralski technique that oxygen vacancies 
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exist within these crystals. In order to dis- 
cover whether or not these vacancies affect 
the attenuation, we measured two samples 
from the same boule, one of which had been 
annealed in oxygen at 1000°C and the other 
reduced in hydrogen at lOOOT until it was 
opaque. Figure 6 shows the results of this 
experiment. It can be seen that the attenua- 
tion peak is unaffected by the oxygen vacan- 
cies although the normal attenuation at 
higher temperatures does seem to be affected. 

In conclusion, the anomalous attenuation 
in LiTaO:, seems to be associated with the 
existence of a Ta/Li ratio which is greater 
than one. It appears that all LiTaO;, samples 
grow with lithium vacancies because the 
high melting temperature of this compound 
(IbOOT) causes the lithium to vaporize 
leaving a melt which is deficient in lithium. 
We feel that this is the reason that the 
anomalous attenuation is seen even in crystals 
grown from both stoichiometric melts and 
melts with excess lithium. (Precise analyses 
of the chemical composition of the grown 
crystals to settle this point have not been 
accomplished because of the difficulty in 
making accurate chemical determinations of 
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frequency for crystals grown from ditferenl melt one of which (filled circles) had been reduced in hydrogen, 
compositions the other (open circles) had been annealed in oxygen. 
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lithium content.) The anomalous attenuation 
is therefore possibly caused by either the 
motion of tantalum atoms in and around sites 
which they normally would not occupy in a 
stoichiometric crystal, or the motion of a 
combination of oxygen and tantalum atoms 
about an equilibrium position. There is also 
the possiblity that the attenuation could be 
associated with lithium vacancies, although 
Wert [20] has pointed out that attenuation 
due only to vacancies has never been observed. 

authors would Itke to thank 
P Better and H, H. Biirrett tor performing the infrared 
measurements refcited to in the text and for scvcial 
helpful discussions We would also like to thank L. 
Bradlee and R. Btophy foi technical assistance. 
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T wo iccent papers which are related to this topic should 
he mentioned Lines t/’livs. Rev. 177. 819 Il9f)9)) dis- 
cusses lattice modes m l.iTaO., while Nassau and Lines 
U iippl. Pliyi. 41, LVt 1 1 9701) discuss possible deviations 
from stoichiometry in this material, 
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RERADIATION AND VISCOUS DISLOCATION 
DAMPING* 

J. A. GARBER and A. V. GRANATO 
Department of Physics, Umversity of Illinois, Urbana, 111. 61803, U S A. 

{Keci ived 5 Seplemher 1 969, in revised jonn 3 N<ii ember 1 969 ) 

Abstract-Thc vibrating string model has been useful in rationalizing dislocation damping measure- 
ments This model predicts thal pinned dislocation line segments of the ordci of one micron in length 
will have resonances typically at about 10“ Hz Comparisons of theory and experiment have shown 
that this resonance is normally overdamped by the viscous drag of the dislocalion-phonon and disioca- 
lion-eleclron inieratlion so that the dislocation inertia cannot be measured. In the absence of these 
processes (low temperatures in insulators or superconductors), only dislocation reradiation of elastic 
waves should limit the resonance. This effect has been calculated using F.shclby's expression for the 
reradiation. It is found that the resonance is very sharp, and still persists even when a random distiibu- 


lion of pinning points is assumed. 

AccoRDiNCi to the vibrating siring model of 
dislocation damping|l,2], pinned dislocation 
line segments should show resonance effects 
at an appropriate frequency. Experiments 
have confirmed this result for the case where 
the resonance is overdamped by the viscous 
drag of the dislocation-phonon and disloca- 
tion-electron interaction 13 1. For sufficiently 
low temperatures in insulators or supercon- 
ductors, these mechanisms should be absent 
and only dislocation reradiation of elastic 
waves should limit the resonance. Calcula- 
tions indicate that the resonance is very 
sharp [4] and still persists even when a random 
distribution of pinning points is assumed. In 
this case, the dislocation inertia could be 
experimentally determined. The derivation 
of these results, including both viscous and 
reradiation damping, follows. 

The motion of a pinned-down dislocation 
segment in the vibrating string model is given 
by the following equation [1,2]: 



where ^ is the displacement of the dislocation 
under the influence of an applied stress, A is 
the effective mass per unit length of disloca- 


♦Supported by the National .Science Foundation. 


lion line, the term in B is the viscous damping 
force per unit length, the term in C is the 
force per unit length due to the effective ten- 
sion for a bowed-out dislocation, y is a co- 
ordinate along the dislocation line, and the 
term on the right is the force per unit length 
exerted on the dislocation by the external 
shearing stress. The boundary conditions 
are that ^ is zero at y = 0 and y == f. where I 
is the length of a dislocation segment. B is 
proportional to the phonon or electron den- 
sity. If there is negligible viscous drag, the 
resonant frequency w,, = (tt//) and 
is expected to lie in the range 100-1000 MHz 
for dislocation segment lengths of the order 
of l-IOju for typical materials. In the over- 
damped case, it is normally found at much 
lower frequencies (— 10 MHz). 

In order to take reradiation damping into 
account, an additional term can be added to 
the above equation. Eshelby[5] has shown 
that the radiation of elastic waves from an 
oscillating straight screw dislocation produces 
an effective reradiation damping force per unit 
length (f//) which can be expressed in the 
form 

• £ = ( 2 ) 

where p is the density of the medium, b is the 
Burger's vector, and the displacement ^ is 
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expressed in complex notation as f = foc'"'. 
Eshelby has also shown that edge and screw 
dislocations radiate about the same amount. 
We will assume that the dislocation displace- 
ments are small enough so that the disloca- 
tions assumed to be straight with no stress 
applied remain approximately straight 
during their oscillations under stress. Thus 
equation (2) will be taken as an approximation 
to the radiation force for all displacements. 
An estimate of the stress induced curvatures 
will be given later in the discussion. Now 
equation ( 1 ), which does not take reradiation 
damping into account, may be written 

urAi:-\^ — C'-r^ - hr (3) 
(ly 

due to the sinusoidal varuition with lime 
e""' of the dislocation displacement. If we 
now introduce the reradiation damping given 
by equation (2), we have 


where il is an orientation factor taking into 
account the relations between the direction 
of propagation of the applied stress wave and 
the slip plane and slip direction in the crystal, 
A is the total length of movable dislocation 
line per unit volume. A,, = {%Gh)lrr'C where 
(7 is the shear modulus, yf = irHClA), w„ = 
[{2n+\)Trll](CIAy'\ K,, - (C//j)'«, and = 
{R + ph-u)li)lA if both viscous and reradiation 
damping are considered. Equations (5) and (6) 
were derived by applying Newton's law relat- 
ing stress to strain, taking dislocation strain 
as well as elastic strain into account. 

The decrement A (defined as the ratio of 
the energy lost per cycle to twice the maxi- 
mum stored energy) is given by 

A = «, (7) 

Oi 

where k is the wave length of the applied 
stress wave. Then we have 


• or A ( 4 /■(„ ( II A- '----'j hr. ( 4 ) 


X 

A = llAA„Tr ^ 

( 1-0 


(2«-f I)- 


I roin the above equation it is clear that we 
can apply all previously derived results for the 
viscous damping ease to the ease of viscous 
damping plus reiadiation damping simply by 
substituting Hi A phuol^) for B everywhere. 
Thus the allenuation a of the externally 
applied stress wave is given by |2, 31 

2V ' tt' ^ ( 2 / 14 - 1 )- 


(3) 


[ I (ij,/ — or ) - 4- (fad)-J ' 
and the velocity f'ofthc stress wave isgivenby 


I'Uo) = E, 


aAA„Tr 

27r '^(2/1-41)- 


(r- 0 

( oj„- — 0/-’) 


l(oj„--a)’'^)^-|- (o/d)^] 
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_0)d 

^ i (o),,- — o>-)''4- (lod)-] ' 


( 8 ) 


The modulus change is equal to twice the 
velocity change AE/E,,. where 


AE ^ E„-E ^ 4-» AA„t)- " _ J 

K E„ 27r ,^,(2/1+11- 


( 10 „~ - to- ) 

^ — o»‘)-4- (o)d)^J 


(9) 


For small viscous damping (few phonons 
or electrons), equations (8) and (9) predict 
a sharp resonance near limited by the 
elastic reradiation. In reality, this resonance 
peak would be expected to be broadened 
because not all dislocation segments are the 
same length [4]. The decrement and velocity 
change given by equations (8) and (9) are 
those due to the presence of A// dislocation 
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segments per unit volume, where all segments 
are of length /. If Instead of a single length /, 
there is a distribution of lengths due to a 
random arrangement of pinning points along 
the dislocation line, then the distribution 
function N{l)dl, or number of segments of 
length between / and / + d/, is given by [ 1 , 2) 

A'(/)d/ = (A/JL')exp(-//L)d/. (10) 

where L is the average segment length. The 
decrement and velocity change are then given 
by 

A = lAexp(IIL)dl (II) 

Ji) 

and 

At/ 1 f” Al/ 

jr = Uij /jrexp (-//Ljd/. (12) 

where A and AK/t/i, are as given in equations 
(8) and (9), Making the change of variable 
X = (o//(2/i + 1 )y). and using the identity 


2 exp ['-(2 a/+ I )rvj= [2 sinh 

/l=(> 

the summation in equations (II) and (12) 
using equations (8) and (9) can be evaluated 
to give the two-parameter integrals 


frequency given by v = Ci)/(o„(L). Note that s 
can be expressed as 


/( w 8/1 V 8 /I ’ 


(15) 


where S is a dimensionless viscous damping 
factor given by li = BIAa)„iL). It has been 
theoretically determined [5] that A is of the 
order of ph'K If we assume that A equals 
exactly, then 

.v = - + ^. (16) 

The resulting normalized decrement and 
modulus change vs. dimensionless frequency 
(obtained by numerical integration of equa- 
tions (13) and (14), using equation (16)) are 
shown in Figs, I and 2. For S = 1000, the 
resonance is overdamped by the viscous loss 
and the curves are those obtained previously 
(2}. The resonance is overdamped with the 
maximum occurring at a frequency much 
lower than that corresponding to the reson- 
ance frequency for the average segment length 
(v = 1 or logv = ()). The velocity change, or 
dispersion, is small above the maximum, 
going through zero (log|AK/F„| -x) as it 
changes sign. For 8 = 10^“ the resonance is 


A = 


12AA„L- s 
2 


x'dx 


sinh (t/i' ) [ ( 1 - .V- )^ + ,v V ] 


and 

A> ftAA„A= I 


Vo 


4tt 


/•(X? 

Jo sir 


(1 - .\-^).r'dT 


(14) 



-logu 


sinh (jr/v)[( 1 -.r'J^ + .sTr'] ' 

IS a dimensionless damping 
given by s = d/w and v is a dimensionless 


Fn> I . Noi miilized Jcci cmenl as a function of normalized 
frequency for diflerent amounts of viscous damping. The 
frequency is normalized to the resonant frequency ol the 
where s is a dimensionless damping laclor average segment w/o>o(L). The resonance IS over- 


damped for fi = 1000 and radiation limited for - 10'’. 
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Fig 2 Normali/.ecl vclocily change as a function of fre- 
quency tor (Jitlei'enl amounts of viscous damping. The 
breaks m the curves indicate logarithmic singularities 
where the velocity change changes sign 

radiation limited. It still occurs at a frequency 
somewhtil less than p - I as a consequence 
of the segment length distribution; the longer 
lengths are more effective. 

It IS difficult to make accurate measure- 
ments of the decrement and velocity as a 
function of frequency. However, the normal- 
ized frequency p is proportional to oiL so 
that varying L (for example, by irradiation 
of the specimen) is equivalent to varying m. 
Changes with L cun he measured very accur- 
ately. I'hc corresponding equations for fixed w 
and varying 1. are given by 


is a dimensionless viscous damping factor 
given by 6' = 8/p = BIA w. Numerical evalua- 
tions of equations (17) and (18) are shown in 
Figs. 3 and 4. The curves are equivalent to 
Figs. 1 and 2 but have a somewhat different 
form because the normalizing factors of Figs, 
t and 2 also depend on L and because the 
parameters 6 and S’ are different {S’ = 5/p). 
Figures 3 and 4 may be somewhat more useful 
for comparisons with experiment than Figs. 

I and 2. 

At resonance (m = aio) in the radiation 
limited case, the dislocation displacement is 
relatively large and predominantly out of 
phase with the applied stress. The largest 



Fig } Ni'im:ili/cd ilccicmcnl iis ii I'lingliiin of iiveriige 
vcgmcnl lengih I. lor ililfcicnl iimounlv ofvKcoiis damping. 




/TT-c n \A„ \ (S'-Ffi 

^ '2Ai0- I " 


and 



r''d V 

V.v/p)[(l-.v-)-+(8' + i)-v’] 


(17) 


A (' ( /r.8' ) _ /irCSl A AiA I 
V,, 4A(o- ),'■ 


X 


(l-A'‘=)r‘d.Y 

,sinh (,r/p)[(l-Y')--f-{8' + i)V]' 

(18) 


where p is now a dimensionless segment 
length given by i> = [(olnlAjCV'^L and S' 



I ig. 4. Normalized velocity change as a function of 
average segment length i. for different amounts of viscous 
damping. 
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displacement is, however, only 8-3 times 
that obtained at low frequencies [4] so 
that the maximum slope of the dislocation 
remains small and the dislocations remain 
nearly straight. Alternatively, the curvature 
(/? ) at low frequencies is given by equation ( I ) 
as R = = cih<r. Using the approxi- 

mate relation C = Gb-12 and (r = Ge, one 
obtains R = bjle. With h = 2x 10"“ cm and 
the typical ultrasonic maximum strain ampli- 
tude of I0"^ one obtains R = 1 mm. At 
resonance, the dislocation shape remains 
approximately sinusoidal with amplitude 8-3 
limes larger, so that the curvature remains 
greater than 10'^ cm. 

The steady-state displacement is most 
conveniently expressed in terms of a relation 
given by Weertman[63 in the form 




;(f)si 


coscot-t-G ( 4 Isincur 


(19) 


where y is the distance from the center of a 
segment of length 21. The in-phase component 
F and out-of-phase component G are shown 
in I ig. 5 for resonance (w = W(i). Again, 6 = 
BIAmo. The /■' curves for 8 = 0-3 and 8 = 1 
are almost the same as the one for 6 = 0 on 
this scale. 

For 8 = 0 and v = 0-94, F and C are both 
similar to the G curve with 8 = 0 of Fig. .‘i. 



l-ig -S Dislocalion displacement along a segment at reson- 
ance (<u ~ <u„) for differcnl amounl.s of viscous damping. 
F IS proportional to the component of di.splacement in 
phase With the applied stress, while G is the out-of-phase 
componenl. 


but with half the maximum amplitude. For 
1 / = 3 and 8 = 0. G is nearly sinusoidal with 
two nodes and amplitude 3-5, ' while F has 
amplitude- 1-33. 
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THE FREQUENCY DEPENDENCE OF SOUND 
RADIATION FROM MOBILE DISLOCATION 
WALLS* 

R. O. SCHWENKER1 and A. V. (iRANATO 
Departmem of Physics. Univcrsilj of Illinois. Urbati.i, III hIXOI, II S A, 

tfic'i eiitil .s September 1969, m rented form 1 Ot loher 1969) 

Abstract- Macroscopic rc-radialed plane waves Irom microscopic dislocation sources oscillating in 
a narrow slip hand have been produced and detected in 1 ip and Na( 1 crystals in the 5-1 111 MH/ 
Ircqiicncy range The observed waves weic shown to depend upon the dislocation motion through 
their dependence or the orientation of the evening waves and Ihcir dependence on the numbei of 
pinning points on the dislocation lines during y-ii radiation ol I it and NaC'l 
The quantitative values of the re-radiatcd wave amplitudes weie shown lo he in good agieement 
with the values given by the model of the vibiating suing foi the dislocation displacements, both in 
the low ficquency oi tieqiieney independent region and m the high fieqiicney or lu ' frequency region 
of the displacement. Since the measured re-radialed amplitudes weie as huge as is permitted by the 
vthiatiiig string model, dislocation-dislocation interactions could not play an iniportant lole in limiting 
the dislocation motion foi this conliguiation ol dislocations 


I. INTRODUCTION 

TupRt. lire two mechanisms by which a dis- 
location scatters clastic waves, strain-field 
scatlering and rc-radiation scattering. The 
interaction of an elastic wave with the dis- 
location clastic strain field produces a scatter- 
ing of the elastic wave tis a consequence of 
the non-lineaiity of the force-displacement 
law. I'he second scattering mechanism results 
from the emission of elastic waves from the 
dislocations which arc driven into forced 
osfillalions by the incident wave. This radia- 
tion of clastic waves is analogous to the radia- 
tion of electromagnetic waves by accelerated 
electric charges. The experiments reported 
here tire a study of the re-radiation scattering 
mechanism for a simple system of dislocations 
in the megiihcrl/, frequency range of incident 
sound waves with relation lo the available 
theory. 


'This work wiis suppoiltd by ihc Niilioniil .Sovnee 
Koundiilion. It is bused on u thesis by R O.S,. siibmilled 
to the llniveisity ol Illinois m parlial fulftilmcnl of ihe 
reqiiiremenls foi ihe degree of IPoeloi of Philosophy in 
Physies. 

tl'resefil iiddrett: Inlernulionul Business Maehmes 
Corp . tiusl Fishkdl l.ahoinlory. Hopewell .lunelion. 
N.Y. 12.5-33, U.S.A 


It musi be noted that, while phonons interact 
with dislocations in essentially two different 
ways, by strain-field scattering and radiation 
scattering, there arc also two different types 
of scattering according to the frequenev of 
the waves which interact with the dislocations. 
I he 'indirect' scatlering is similar to the case 
of Browian motion of a ptirticle in an external 
field, a dislocation moving through a phonon 
gas under the action of an externally applied 
stress is subjeci to a viscous drag and to tlue- 
(ualions in displacement 1 1 1. This is the sti ain- 
ficld scatlering and radialion scattering of 
phonons or high frequency thermal waves 
These sciiltcring mechanisms provide a damp- 
ing force on the motion of the dislocations. 
Calculalion,s|2-4] have been made of this 
VISCOUS diimpmg and a number of ultrasonic 
measurements of the damping constant at 
mcgahciT/ fiequencies have been made for 
1 iF13-7| and NaCljS], I he 'direct' scattering 
results from the interaction oi megahertz 
fiequency elastic waves with the dislocations, 
which can cause the dislocations to move in 
the crystal. This motion results m radiation 
of megahertz elastic waves as well as the 
scattering of phonons producing the viscous 
damping force. 
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The 'direct' scattering losses can be studied 
by producing a thin slip band of dislocations 
in a single crystal |9]. The dislocations can be 
excited by a plane ultrasonic wave with its 
displacement in the slip direction of the dis- 
locations. The dislocations then oscillate on 
their slip planes and each dislocation radiates 
a cylindrical wave with its displacement 
along the slip direction. Because all of the 
dislocations on one slip plane oscillate in 
phase with each other, this coherent motion 
produces a macroscopic plane wave from the 
microscopic dislocation sources. 

fividence that radiated signals come from 
moving dislocations and that these signals 
qualitatively fit orientation and pinning point 
predictions of the vibrating string model has 
been presented earlicr[9-IO|. In this study, 
the string model is developed for the disloca- 
tion wall geometry and a detailed quantitative 
study of measurements of attenuation, velocity 
and re-radiated amplitude as a function of 
pinning point density ;md frequency is given. 

2, EXPERIMENTAL PROCEDURE 
Harshaw lithium fluoride and sodium chlor- 
ide single crystals having two sets of {IlOf 
laces and one sel of ( 001 } faces were used 
for this study. By using techniques which we 
hiive described elsewhere 1 10 ], thin, sharply 
defined bands of dislocations were formed in 
the crystals by applying a shear stress on a 
(110) slip plane and along the f lT0| slip direc- 
tion. Ftch pit studies of the l.iF crystals 
showed that edge type dislocations were 
formed with densities up to 2 X IOTcm% while 
less than KV’/cm- screw type were observed. 

riie pulse-echo technique was used in 
milking the ultrasonic measurements. AC- 
cut quart/ transducers with resonant fre- 
quencies of either fi- 1 0-MFIz were bonded to 
the (110) faces. Malec ultrasonic compara- 
tors were used for most of the measurements. 
In addition to the usual pattern of large echoes 
from the opposite crystal face, the dislocation 
wall produces smaller echoes which are posi- 
tioned between the main echoes. The wall 


echo amplitudes were measured relative to 
the main echo amplitudes by use of the com- 
parator, which also was used to measure the 
main wave attenuation. 

In order to determine the dependence of 
the wall echo amplitudes on the dislocation 
motion, the amplitudes were measured while 
the crystals were being 7 -irradiated. Since 
y-irradiation produces additional point defects 
which pin the dislocations, the dislocation 
wall echoes should decrease as a function of 
the irradiation dosage if the wall echoes are 
due to re-radiation. As shown in Fig. 1, this 
dependence was observed for incident shear 
waves with their polarization displacement 
in the [iTO] slip direction for the dislocations 
on the ( 1 10) slip planes, Shear waves polarized 



CURRENT (mm -/lamp) 


Kig I. Ratios of re-radialed wave amp)itudes to their 
incident wave amplitudes for both dislocation sensitive 
and dislocation insensitive shear wave modes in a de- 
formed NaCI crystal vs. the total y-irradiation dosage. 
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in the [001] direction should not cause dis- 
location motion and the wall would not be 
expected to radiate. This is also seen in Pig. I 
where simultaneous measurements made of 
echoes of the two orientations are presented. 
While errian ratios of only about I0"“ were 
observed with NaCI crystals, ratios for LiF 
crystals as large as four percent were ob- 
served. 

For a thin slip band of dislocations, the 
radiated strain wave amplitude, err, has been 
shown [9] to be given by the equation 


err 

(in 


Wui 

V 


AG 

G 




(I) 


where dn is the incident wave amplitude, 
W is the width of the slip band, w is the fre- 
quency of the incident wave, v is the velocity 
of the wave and AG/G and A are the relative 
modulus change and decrement respectively 
in the slip band. 

From equation (I), it is seen that the rela- 
tive modulus change should be measured in 
addition to the amplitudes of the wall echoes 
and the decrement, which is obtained from the 
attenuation of the main echoes. The modulus 
change, which results from that part of the 
dislocation displacement which is in phase 
with the incident wave while the decrement 
results from that part which is out of phase, 
is obtained from the change in velocity of the 
incident wave as it passes through the dis- 
location wall. A system for measuring the 
velocity change to one part in 10*'. developed 
by Jon Holderfllj of this laboratory was 
used for this. While operated at the same ten 
megahertz frequency as the comparator, the 
systems were completely separate except 
for the use of the same transducer which was 
mounted on the crystal. 

Since our preliminary results [10] were 
consistent at low frequencies with the vibra- 
ting string model of Granato and Lucke[12], 
in which interactions between dislocations 
are neglected, this model was taken as the 
working model for the dislocation displace- 
ment. The experiments were then done in 


order to measure the frequency dependence 
of the re-radiated wave amplitude and to 
compare the results with the predictions 
from the string model of dislocations oscillat- 
ing in phase but independently of each other. 
Although it was not possible to vary the ex- 
citing frequency while measuring the wall 
amplitudes, instead the average loop length 
of the dislocations was continuously decreased 
by y-irradiation. As can be seen in Fig. 2, the 
average displacement of the dislocations. 
|(AG/G)- + (A/7rF]''^ is given for the vibrating 
string model in terms of a normalized fre- 
quency, where C is the effective 

dislocation tension, B is the viscous damping 
constant and L is the average loop length 
between pinning points. Thus the model can 
be checked by decreasing the loop length with 
y-irradiation. 

With a lO-MHz exciting wave, the normal- 
ized frequency was never large enough to 
check the expected <o ‘ dependence of the 
dislocation displacement at high frequency 
when viscous damping should control the 
motion. In order to study this frequency range, 
measurements made on LiF crystals during 
their y-irradiation were the attenuation of the 
main echoes at both 10 and 110 MHz, the 
velocity change of the 10 MHz wave, and wall 
echo amplitudes at both 10 and 1 10 MHz. 
Only one velocity measurement system was 
available so the higher frequency modulus 
change was calculated from the other variables 
by the use of Fig. 2. The ratio of AI(AGIG) 
for 10 MHz could be used to determine A/ 
(AGIG) for 1 10 MHz from the r curve. Since 
A{ 1 10 MHz) was experimentally determined. 
AC/C( I lO MHz) could then be calculated. 
One transducer was used for all the measure- 
ments with separate Matec comparators used 
for each frequency. 

Since narrow, high dislocation density walls 
were difficult to introduce into the crystals, 
a crystal with a good wall was often re-stressed 
at the original slip band in order to break the 
dislocations from the y-irradiation pinning 
points. 
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liK 2 I ho V, lidos prooliolod by llio vibiatini; suing inodel lor iho dooiomoni, 
Iho niodiiliis ohango, Iho lalio ol Iho dooiomom lo (ho niodiiliis ohango, and iho 
disldoation displacomonl loi an exponential disiiihiilion ol' loop lenglhs vs 
Iho lieqiionoy ol'iho exoitingol.islio wave. 


y RKSlU/rs ANDDISCIISSION 
In order lo compare the experimental results 
with the prediclions of the vibrating siring 
model for ihe dislocation motion, it is neces- 
sary lo consider the cfl'ccts of till of the fre- 
quency dependent factors which should be 
present in the re-radiated wave amplitude. 
We know from Fig. 2 that the avenige displace- 
ment of the dislocations in the Wiill should 
depend on the frequency of the exciting wave 
as shown schematically in the top part of 
Fig. .2 if the string model is used. At low fre- 
quencies, the displacement is nearly indepen- 
dent of frequency while at higher frequencies 
it goes according lo oj '. According to Eshelby 
(3], the radiated strain wave amplitude, as is 
given in equation ( I ). is linearly dependent 
upon the exciting frequency times the average 
dislocation displacement in a single slip plane. 
The middle curve in Fig. 3 then gives the re- 
radiated wave amplitude from a very thin 
dislocation wall as a function of frequency. 
A third frequency dependent factor is present 


for walls with widths which are not small 
compared lo a wavelength. Walls of these 
widths were produced experimentally and it 
was not possible to obtain very thin wallsflO]. 
Fhis third factor, /(or), which is obtained by 
an integration of equation ( 1 ) over the width of 
the wall, is itself made up of two factors. One 
of these gives a w ' dependence which just 
cancels the linear frequency factor of equation 
tl), while the other gives a sinusoidal depen- 
dence on the frequency times the wall width. 
The lower curve in Fig. 3 gives a schematic 
representation of the product of all the fre- 
quency factors for the re-radiated wave ampli- 
tude from oscillating dislocations in a finite 
width slip hand. For this finite width wall, 
equation ( I ) becomes 


err 

ein 


1 1 j H I )'q 






( 2 ) 


where « is the attenuation of the wave in the 
wall. 
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Fit,'. 3 A sclitnialic rcprCH'ni.ilioii iif Ihc average »li'- 
location displticcinenl, (he rtidialed wMvc ariipliliide lixmi 
a veiy Ihiri wall, and (he laduucd wave amplitude fiom a 
finite width w.ill vs the Irequency oC the evening wtive. 

Another inlerf'erenee cttect also had to be 
considered since there were alwtiys echoes 
from other sources present in an echo pattern. 
These other echoes, which could have orig- 
inated from strain-field scattering as well as 
several other possible sources [10], varied 
from specimen to specimen over a range of 
10 per cent to nearly 100 per cent of the meas- 
ured echo amplitude, 1 he measured wall echo 
amplitude during a y-irrtidiation must be the 
vector sum of the decreasing rc-radiated wave 
and the constant wave. 


em _ 

€C 1 


err 



— " 

eiii 

€^1 


€in 


where is the measured amplitude, \f.ckin\ 
and (f are the magnitude ratio and phase of 
the constant echo, and 0 ~ tan '[(-A/rr)/ 
{^GK!)] is the phase of the re-radiated wave 
relative to the incident wave. 


The U and loop length dependence pre- 
dicted by the string model for the decrement 
and rc-radiated amplitude respectively at low 
frequencies has been reported previously(lO]. 
The model also predicts that the relative 
modulus change and the ratio. A/lAC/6’). 
should go as 1} and the ratio should have a 
magnitude of less than one in that low fre- 
quency range. This result is seen in Fig. 4 
for 10 MHz'. The model also predicts, as can 
be seen m Fig. 2, that the decrement at the 
higher frequency of a two frequency run 
should depend upon /. less strongly than U 



TIME X VAN DE GRAAFF CURRENT 
(•nin-^ompjx 10 

Fig. -4 tin: dvcicmgnl, ihc iniiduUiv change, tind iheir 
iiillii 1(11 ;i in MH/ incidcnl wave in a I iF eijsial vv the 
lol.il y-iiTiidialion diivage 

for long enough loop lengths, i.e. large enough 
r. This was observed as shown in the top of 
Fig. 5. As is shown in the figure, although 
initially having a larger value, the IOMHe 
decrement decreased at a faster rate than the 
1 10 MHz decrement. In the bottom part of 
Fig. .“i. a function of the decrement which 
should be proportional to the number of pin- 
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(min-jionipl» 10^ 


Kip, V I hi' dccicmcnts I'oi 111 and 111) MH? incideni 
wavi's and limction'i o( Ihcse dccicmcnis which should 
he proporlional lo ihc numher of pinning points on the 
dislocation lines in a l.iK crystal vs Ihc total y-iriadnilion 
ilosnpe 


ning points is plotted for both frequencies, 
f or 10 MHz, N = 4 or A oc gives a linear 
relationship with the total 7 -ray dosage while 
/.- gives the same relationship for IK) 
MH/,. This is consistent with the string model 
since, for this case, the I It) MH/ decrement 
should be near the top of the decrement curve 
as given in Fig. 2 and should depend approxi- 
mately quadratically on the loop length in this 
range. 

The measured wall echo amplitudes as a 
function of the irradiation dosage were used 
with the decrement and modulus change 
values given in Figs. 4 and .S to obtain experi- 
mental values for the ratios |err/ei>i|. A form 
of equation (3), 



€r 


\ /AC\ . /AN] 

ein 

c 

[cos„(— j-s.n<p(-JJ 


wa.s used to fit the (c/n/emi, AC/C and A data 
in order to determine C. leclein] and <p. The 
experimental \trrliin\ values, from equation 
13) or equivalently from 
before the y-irradiation. are then compared 
with the predicted range of values calculated 
by the use of equation ( 2 ) 


w 10 MHz 
ein exp. 


3-8 X 10*2, 


0-5 X 10 2 « 


rrr 10 MHz 
tin model 


« 4-4 X 10 2 


err 

tin 


I lOMHz 
exp. 

3'4X 10-2 


= 5-2 X 10-2, 

no MHz 


err 

(in 


model 


I0'2x 10-2. 


The agreement between these values is very 
good. Since the measurement systems were 
frequency tuned to give maximum amplitudes, 
comparison should be with the maximum 
values of the model. The numbers agree very 
well for 1 0 M H z and dilTcr by only a factor of 
two for 1 10 MHz. If one of the frequency 
factors discussed earlier had been incorrect, 
completely dilTerenl measured values would 
have resulted since the two frequencies are a 
factor of 1 1 different from each other. 


4 . CONCLUSION 

It is concluded that the string model fits 
the data well in both the low frequency range 
where the dislocation displacement is nearly 
frequency independent and the higher fre- 
quency range where the displacement goes 
as ft) If dislocation-dislocation interactions 
were important for these dislocation configura- 
tions, less dislocation displacement or smaller 
radiated amplitudes than the values calculated 
by the vibrating string model should have been 
measured. In addition, the measurements 
show that the direct scattered energy loss is 
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not negligible, as is usually assumed, but, 
in the present case, the direct scattered ampli- 
tude is of the order of 4 per cent of the incident 
amplitude in LiF even at megahertz frequen- 
cies. This ratio could be even larger for thinner 
dislocation walls or lower temperatures where 
viscous damping is smaller, 

/!( - Wc wi^h to thank Dr J Holdci. 
G. Wilt;, W, E. DeRossett, and E R Euller for their 
iissislanee in makinit some of the measurements and 
J Blanco for his assislance in specimen preparation 
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THE FREQUENCY DEPENDENCE OF DISLOCATION 
DAMPING IN NIOBIUM* 

K. K. GAN(iltl.Y. C. BAKER and H. K. ItlRNIUl M 
Department of Mining, Metallurgy and Petroleum F.ngineering and Materials Research Laboratory, 
University ot Illinois at Urbana-Champaign, Urbana. Ill 6IK(II,U S,A 

tRireweilS September I9A9) 

Abstract -The frequency dependence of dislocation damping in niobium was mca.oired in the mega- 
hertz. frequency range at 293 and at 80°K, The icsulls arc inleipreled in icrms of an elastic string' 
dislocation mechanism and in terms of a dislocation motion mechanism based on the movement of 
kinks Both models appear to be consistent with the experimental results The elastic stnng' mechan- 
ism leads to a viscous damping constant of 11 X 10 'dynscc cm ' at 293°K. The kink motion mech- 
anism leads to a ratio of the kink dcnsily/kinkdampingconstanlof 0 3 x 10"' cm dyn ' sec. ' 


I. INTRODUCTION 

The analogy between dislocation motion 
under an o,scillatory stress and the forced vi- 
bration of an elastic string in a viscous medium 
was originally proposed by Koehlerflj and 
extended by Granato and l.ucke[21. This 
model, in which the flexible dislocation line 
is characterized by a line tension, an effective 
mass, and a viscous drag coefficient, leads to 
a frequency dependent and stre.ss amplitude 
independent damping at low stress amplitude. 
It has been shown to be in good agreement 
with measurements of the frequency depen- 
dence of the damping in the megahertz 1 3-5) 
and kilohertz(5] frequency range for f.c.c. 
crystals where the line tension approximation 
appears to be valid. 

An alternative approach to the motion of 
dislocations is based on the formation and 
motion of kinks in a dislocation line which 
interacts strongly with a periodic potential 
field provided by the lattice. In this model 
the dislocations lie parallel to close packed 
crystallographic directions except at discrete 
points where a kink crosses from one energy 
minimum to the next. The motion of the dis- 


*This research was supported in pan by the United 
States Atomic F.nergy Commission, Contract ATII-D- 
1198, 


location line under a small oscillatory stress 
is then due to the motion of these kinks along 
the dislocation line. The kinks can be char- 
acterized by an effective mass and a viscous 
drag coefficient and (heir motion gives rise to 
an amplitude independent, frequency depen- 
dent damping at low stress ampliludes[6]. 

The behavior of dislocations in b.c.c. metals 
remains a matter of some controversy. The 
magnitude of the Peierls-Nabarro stress in 
these materials does not appear to be well 
established, and it is not clear whether the 
response of dislocations to low amplitude 
stresses can be described by a vibrating string 
approximation or by a kink motion model. 
It has been shown that dislocations contri- 
bute to the damping of b.c.c. metals and that 
they cause amplitude dependent damping)!). 
The present work is part of a program in 
which damping measurements are being used 
to study dislocation behavior in a typical b.c.c. 
metal, niobium. I n the present paper the results 
of a study of the frequency dependence of dis- 
location damping in the megahertz range are 
pre.sented. 

2. EXPERIMENTAL PROCEDURE 
Crystals were grown from Wah Chang 
niobium containing several hundred ppm 
substitutional impurities (principally W, Mo 
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and Ta) in a vacuum of lO'^torr using elec- 
tron beam heating. Specimens cut from these 
crystals had the (110) direction along their 
axis (to within 2°). The ends of the specimen 
were made flat and parallel to within 5 X 10 ® 
in. using a spark planing technique which 
minimized damage to the specimens. 

The attenuation measurements were carried 
out using a double quartz crystal pulse-echo 
technique. Nonaq grease was used as a bond, 
although different bonding materials (Salol 
and Fastman 910) were used to establish that 
the bond was not affecting the measurement. 
Harmonics, of the fundamental frequencies 
of various A’-cut quartz crystals were used 
in the frequency measurements to again estab- 
lish the independence of the results from the 
bonding procedure and transducer crystals. 
The damping was shown to be independent 
of the driving voltage thus indicating that the 
measurements were made in the amplitude 
independent range. 

Attempts to pin the dislocations by neutron 
irradiation at 290'’K were not successful. 
Neutron doses of 10"' neutrons cm'^ (of 
energy greater than I '5 MeV) had no effect on 
the damping in the frequency range 5-100 
MHz. This is in contrast to the results for f.c.c. 
crystals where this dose would completely 
pin out the dislocation contribution to the 
damping. The dislocation contribution to 
the damping could, however, be pinned out 
using oxygen and nitrogen atoms as pins. 
The oxygen and nitrogen content of the speci- 
mens was controlled by annealing the speci- 
mens in controlled atmospheres [8. 9], 

The dislocation densities were established 
by etch pitting! I OJ fhe (111) planes. It was 
established that repeated etching gave iden- 
tical pit patterns. The dislocation densities 
were 3-4 X I O ' cm 

3. Rt:SllLTSANDlJISClJS.SION 

The expression for the internal friction due 
to dislocation motion based on a flexible 
string model can be written: 

A = A„ftA/W/(l+<aV) (I) 


where 

A„ = SCbVn^C 

T--BFIn^C 

and / is the average loop length, G is the shear 
modulus, 0 ) is the frequency of the applied 
stress, A is the dislocation density, Cl is the 
orientation factor which depends on the dis- 
tribution of the dislocations on the various 
slip systems, C is the line tension, b is the 
Burgers vector, and B is the damping force 
per unit length. In equation (1) it is assumed 
that 01 £o„ (o),, = (ff/I ) (0/1)''^: A is the 

effective mass per unit length) and that the 
loop length distribution is exponential. The 
maximum decrement is given by: 

A„,= l7-fynGh^\PI(iT’^C) (2) 

and occurs at a frequency given by: 

w„, = 0-mn^CI(PB). ( 3 ) 

At frequencies w > w,,, the decrement is 
given by : 

A,, = 8AG'h-/(7TBa)). (4) 

The amplitude independent decrement due 
to motion of kinks along a dislocation which 
lies in a Peierls-Nabarro energy minimum can 
be written in the form: 

A = All A /loir/ ( 1 -f orT''‘ ) ( 5 ) 

where 

A# = 8G’ h'-a‘l ( TT m ) 

T = IT 4’ B7[GhV/3 sin'^ (zr4/2/) ] 

o)„= 2[sin {TTdJ2l)]ablG lil(4Tnnda^)Y'- 

and n is the number of kinks per unit length, 
a is the spacing of the Peierls-Nabarro mini- 
ma, m is the effective mass of the kink, 4 
the average kink spacing, B' is the kink damp- 
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ing coefficient and jS is a constant of order one. 
The decrement has a maximum value of: 

Am = (6) 

at a frequency: 

cUm = sin^ (7r<io/2n/(7rJ„-'B' ). (7) 

At frequencies (p> the decrement is 
given by: 

A, = SGa‘‘h'^\nli7ro>B']. ( 8 ) 

As may be seen from the foregoing expres- 
sions, the dislocation decrement has the same 
functional forms in both models of dislocation 
motion. Measurements of the decrement at 
frequencies near &)„ lead to: 

l4-59n6’h2A/(to„,A,„) (9) 

in the elastic string model and to: 

(B'ln)=l-4Gd^b'^M{(o„A„) (10) 

in the kink motion model. 

The as-grown crystals exhibited a w' de- 
pendence for frequencies above 5 MHz as 
shown in t ig. 1. These results suggest that 
cj,„ <1 5 MHz and are consistent with equa- 
tions (4) and (8). As additional pinning points 
were added by alloying with oxygen and nitro- 
gen, the maximum in the decrement was 
shifted to higher frequencies. Specimens 
which contained 1000 ppm (atomic) 0 and 
1000 ppm (atomic) N exhibited a maximum 
decrement of 3’7x 10“’ at 7 MHz at 290°K 
as shown in Fig. 2. The values of A,„ and w„, at 
290‘’K for various concentrations of 0 and N 
solute atoms are summarized in Table 1 
as are the values of B and {B'jn) which were 
calculated using equations (9) and (10). The 
experimental values of A„ can be used to 
calculate / using equation (2) or (6) and these 
values are also given in Table I . 



Fig I. Disloralion decrcmenl vs, frequency al cu > <u„ 
for two typical speciinen.s containing 10 ppm (atomic) N 
Solid curve is the theoretical curve 



I ig 2. Dislocation decrement vs. frequency for a speci- 
men containing lOOOppm (atomic) N and lOOOppm 
(atomic) O Solid curve is the theoretical curve Dashed 
curve is the high frequency asymptote. 

As shown by equations (4) and (8) the de- 
crement at (i}> is independent of / and 
depends only on A/B (string model) or An/B' 
(kink model). Experimentally, the high fre- 
quency asymptote of the decrement was not 
a function of 0 or N concentration. The high 
frequency asymptote was also observed to be 
independent of temperature in the range 
80-293°K as shown in Fig. 3. In this tempera- 
ture range, therefore, B or B' is not a function 
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Table 1 


Cone. 0 
(atomic ppm) 

Cone. N 
(atomic ppm) 


^m»K 

iMHz) 

B 

(dyn sec cm') 

njB' 

(cm dyn sec) 

/ 

(cm) 

20 

400 

1-2 X 10' 

105 

l■73x 10 ‘ 

1-4X 10'" 

4X 10"* 

700 

300 

7 X 10' 

3-5 

0 89x 10* 

2-7 X 10'" 

3 X 10* 

1000 

tooo 

3-7x 10 ' 

7 

0-84 X 10* 

2-9 X 10'" 

2 X 10* 



l ig. V I ompcTatlire dcpcndcnco of dislocation decie- 
menl vs, fiequcncv i )- 2'f3''K(.)-80'’K 

of temperature in contrast to the results 
obtained for f.c.c. crystals where H depends 
linearly on temperature [3). The lack of tem- 
perature dependence of the damping constant 
is. however, in agreement with the results 
obtained on l.if crystals by Mitchell! 1 H. 

Various mechanisms have been proposed 
to account for the damping constants. If the 
dislocation is treated as an elastic string, it 
will experience a viscous damping force due 
to phonon scattering which has been calcula- 
ted by l .eibfriedj I2| to have the form: 

B = }kTzl\QCra^ (II) 

where T is the temperature, k is Boltzman’s 
constant, z is the number of atoms per unit 
cell, a is the lattice parameter, and C’r is the 
shear wave velocity. For niobium the value 
of B calculated from equation (11) is 10“^ 


dyn sec cm“^ at 300°K which is in good agree- 
ment with the observed value. The linear 
temperature dependence of equation (11) is 
not, however, in accord with the experi- 
mental results. A viscous drag mechanism 
based on the concept of phonon viscosity has 
been proposed by Mason 1 13] and leads to: 

B «=0-07£„/f/(C, rr) (12) 

wheic £'o is 'be thermal energy density. K is 
the lattice thermal conductivity, and C\ is 
the specific heat. While experimental values of 
K are not available for Nb. its value can be 
estimated from: 1 14J 

K --DC/(il{y^T) (13) 

where D is the density and y is Gruneisen’s 
constant. At 293°K these relations lead to 
B - 3'9x 10^' dyn sec cm"'^ and at 77°K 
B = 1-5 X 10 ' dyn sec cm"-. The magnitude 
of these values is in good agreement with the 
experimental results, although the tempera- 
ture dependence is greater than is observed. 

Analysis of the data using the expressions 
for the kink mechanism requires an indepen- 
dent determination of either B' or n, since the 
damping results give n/B'. Dislocation stress- 
velocity measurements (using etch pitting 
techniques) in the high stress range could 
directly determine B' but have not been carried 
out forb.c.c. metals. Flowever. B' can be esti- 
mated using Mason’s phonon viscosity 
approach (B' = BL, where L is the link length) 
or the relations obtained by [,othe[l5] for 
phonon scattering at kinks. These values and 
the resulting values of the kink density, n, are 
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Table! 


Kink length 

L 

B' (viscosily) 
(dyn secern ') 

Kink energy 

w. 

(scattering) 
(dyn .sec cm") 

n 

(cm“'* 

2h 

2-2 X 10" 



6-8 X 10' 

lb 

7-7 X 10" 



2-4 X 10" 

2b 


10 *(;6' 

T7x 10" 

MX 10' 

lb 


10 'G6' 

l-3x 10 " 

4 X 10' 

2h 


to'r.’h’ 

3-7X 10-" 

M X 10“ 

lb 


10 'Gh' 

l-3x 10 " 

4 X 10" 


given in Table 2. Use of the phonon viscosity 
value of H' results in very high kink densities: 
such that the kink approximation is no longer 
distinguishable from the elastic string approxi- 
mation. The phonon scattering value for B' 
results in values of the kink density which are 
sufficiently low to allow the use of the kink 
damping mechanism. 

4. CONCIX'SIONS 

The frequency dependence of the internal 
friction due to dislocations in niobium is 
described equally well by calculations based 
on a vibrating elastic string model or based on 
the motion of kinks. In the elastic string model 
the damping constant is = 1-2 X lO'^dyn 
sec cm “ and is in agreement with theoretical 
estimates based on phonon scattering or 
phonon viscosity. Experimentally, however, 
the temperature dependence of B in the range 
80-293°K is observed to be much smaller 
than predicted by theory. In the kink model 
the ratio of the kink density to the kink damp- 


ing constant n/6'. is 0-3 X 10'"cmdyn"' sec''. 
The theoretical estimates of B' based on 
phonon scattering lead to values of kink den- 
sities in the range of 1 X 10" to 4 x 10' em'b 

REFERENCES 

1. KOEHl ER J. S . Imperfvciions In Nearly Perfecl 
CrxxKih. p. 197. Wiley. New York (1953). 

2. GRANATO A. and l.tlCKE K.. J appi Phys. 27. 
.583(1956). 

3. AI.ERSG.A and THOMSON D.O.J.appI.phvs. 
32. 283(1961), 

4 GRANATO A. V, and STERN R M.. Atlu metuil. 
10.3580962). 

5. HEIPI E C. R. and BIRNBAUM H. K., J appi 
P/iv.i.38.329411967). 

6. SUZUKI T, and El. BAUM C J appl. Phyi 35. 

7. CHAMBERS R. H.. Phv.wiil AionWes. Vol 3A, 
p. 123. Academic Press. New York (1966). 

8 COST J. and WERE C. A.. Acm meiull. It, 231 
(1963). 

9 FROMM E. and JEHN H . Z, Meiallk. 58.61 ( 1967) 
10. GUBERMANH.D Ada mclcill 16,713(1968). 

11 MITCHF.l 10. M.J. appl. Phyi 36.2083(1965). 

12 1 E1BFR1EDG..Z.P/IV.V, 127. 344 (1950), 

13. MASON W.P.../ ucfju.il. i'wc./lni. 32. 458 1 1960) 

14. ZIMAN J M , Principle.s of ihc Theory of Solids. 
p 205 Cambridge Pre,ss, Cambridge 1 1965). 

1.5. l OIVT }..J. appl Phys 33,2116(1962). 




J.Phyx.Chem. Solids Pergamon Press 1970. Vol. Jl.pp. 188J-I88S. PrmtedinGreal Britain. 


FRICTIONAL FORCE COEFFICIENT OF A MOVING 
DISLOCATION IN URANIUM DIOXIDE WITH 
EXCESS OXYGEN 

N. IGATA, K. DOMOTO* and R. R. HASIGGTI 
Department of Metallurgy, University of Tokyo. Bunkyo-ku, Tokyo, Japan 

{Received^ Sepieinher 1969; in revised farm 13 Oelober 1969) 

Ab.stract-Thc frietional force coetficicnl B of moving dislocations in uranium dioxide with excess 
oxygen in the UO, to U^O, range was measured at temperatures from -40 to +200“C by means of 
ultrasonic attenuation. The B values increase in the two temperature regions of relaxational internal 
friction peaks. These increases of H values are interpreted in terms of the redistribution of atoms, 
which brings forth the phase change, and the Snoek ordering of excess interstitial oxygen atoms, 
respectively, in the stress field of the moving dislocations. 


1. INTRODUCTION 

Two INTERNAL frictioD peaks are found at 
about SOT and at about I05T when measured 
at 5 Mc/sec in uranium dioxide with excess 
oxygen between UO^.o and LIO». 2 r.. It was 
proposed in our preceding paper(I] that the 
first peak (SOT peak) is associated with the 
order-disorder type second order phase 
transition [ 2 , 3] in U,0„-« and the second 
peak (105T peak) is due to a Snoek type 
redistribution of interstitial oxygen atoms in 
UOo+j.. The purpose of the research reported 
here was to study the frictional force co- 
efficient of dislocations in these peak tem- 
perature regions, because there relaxation 
phenomena would be expected to affect the 
frictional force behaviors of dislocations. 

2. EXPERIMENTAL PROCEDURE 
(a) Specimens 

The same lots of sintered pellets of uranium 
dioxide between UOj,m and UO 225 those 
used in the preceding research ( 1 ] were used. 
Their 0/U ratios, grain sizes, densities and 
spectrographic analyses are shown in Table I 
of the preceding paper! ]]. A fused single 
crystal of UO- with 0/U = 2-0()l was also 
used. 

'Power Reactor and Nuclear 1-uel Development 
Corporation, Tokai-mura, Ibaraki-ken, Japan 


The size of specimens used is about 10-3 
mm long by 12-50 mm in dia. and its faces are 
parallel within about 5 /a/cm. The sintered 
pellets were annealed at 1050T for 40 hr in 
vacuum and cooled to room temperature at 
the rate of 20T/hr. 

(b) Attenuation measurements 
The pulse echo method was used in the 
attenuation measurements with an ‘Ultrasonic 
Comparator’. A quartz crystal was attached 
to the specimen with ‘Nonac’ silicone grease. 
The attenuation coefficient o(db/^sec), 
which was obtained from the exponential 
decay of the reflected echoes, was converted 
into the decrement A using the following 
equation: 


where V is the sound velocity, and \ is the 
wave length. The vibrational frequencies 
used were from 3 Mc/sec to 45 Mc/sec. The 
attenuation measurements were performed in 
a vacuum of about 10"^ mmHg. 

The compressive stresses were applied to 
give plastic deformation to the specimen using 
a 1 0 ton universal testing machine to the level 
of 10 ~ 65 kg/ mm''. The attenuation was 



1884 


N. IGATA, K. DOMOTO and R. R. HASFGUTI 


Table 1 . Experimental results o/UOj ~ pellets and a fused VO 2 single crystal 


Specimens 

0/U 

Compression 

stress 

(kg/mm-) 

Dislocation 
density 
(cm ■') 

Temperature of 
measurement 
(°C) 

Dislocation 
loop length 
(cm) 

Frictional force 
coefficient 
(dynsec/cm") 





-20 

082 X 10"* 

l-2x lO ’ 

No, 1 

2-(H)2 

6;-(i 

.?-6x 10’ 

+22 

0-84 X 10-’ 

l-Ox 10 ■' 





+200 

0-8.? X 10“’ 

0-78 X 10 ’ 





-20 

0-68 X lO-' 

0-76 X I0-’ 

No. 2 

2-l.S 

47-4 

I-OX 10“ 

+ 22 

0'69x 10 ' 

1-1 X 10’ 





3 200 

0-74 X 10 • 

0-82 X I0-’ 





-20 

0 78X I0-* 

1-3X 10-’ 

No .1 

2 22 

.72 S 

1-4X 10’ 

+22 

l-Tx 10 ' 

0-94 X 1 O’ 





+ 200 

0-79 X 10 ' 

l-Ox 10’ 

No 4 

1 18 

40 7 

l-dx 10" 

-20 

0'64X 10 • 

I-.SX 10’ 

No 5 

2 22 

32? 

8-3 X 10’ 

-20 

0-99X 10 ■* 

4-2 X 10 ’ 

No 

*) 

.too 

VOX 10’ 

-20 

l^x 10-’ 

I-6X 10’ 

No. 7 

2 (lift 

40 6 

1 5x 10’ 

+33 

1-3 X 10 ' 

1-4X 10-’ 

No. 8 

2(116 

28 5 

3-9 X 10’ 

+33 

0'70x 10' 

3-1 X 10’ 

No 9 

2-0I6 

.?2 8 

7-KX 10’ 

+33 

0-83 X 10-* 

2-2 X R+’ 

No. 10 

2016 

7.t-2 

6-Sx 10" 

1.33 

1-OX lO"" 

1-5 X 10 ’ 





633 

3-8 X 10 ' 

0-96 X 10 ' 

No. 1 1 • 

2'(HII 

lO'O 

2-2 X lO" 

+ 100 

4-Ox 10 ' 

l -Ox 10 ■' 


•No II I used single crystal 


measured before and after the compression. 
The internal friction due to dislocations is 
obtained by subtracting the attenuation value 
before compression from that after compres- 
sion, because the attenuation includes many 
factors which are not concerned with the dis- 
location damping, and these factors must be 
eliminated. We shall consider only this 
differential damping in this paper. 

The etch pit method was used to estimate 
the dislocation density after compression [5|. 

.1. EXPERIMENTAI. RESULTS 

The differential damping of the specimens 
was obtained at different vibrational fre- 
quencies and at temperatures from —40 to 
-l-200°C. The differential damping as a func- 
tion of vibrational frequencies show a maxi- 
mum, of which two examples are shown in 
figs. 1(a) and Kb), That the differential 
decrement shows such a maximum as shown 
in Fig. I is evidence for the resonance damp- 
ing of dislocations which were introduced by 
plastic deformation. The following Granato- 
Liicke relation can be used to describe the 
resonance damping of dislocations [4, 5]; 


_ 8(lG/>-AL’ (DTr p. 

' TT'T ]+<D'-Tr' 

Here fl is the orientation factor, G is the 
shear modulus, h is the magnitude of the 
Burgers vector and C is the line tension of the 
dislocation, A is the dislocation density, L is 
the dislocation loop length, w is the applied 
angular frequency, and r,. is the following 
quantity: 


where B is the frictional force coefficient of 
the dislocation. When wTr = 2-nfrr = 1, the 
decrement shows the maximum. If the fre- 
quency /is much higher than the frequency/,„ 
at which the decrement becomes maximum, 
the decrement is expressed by the following 
equation: 




A / 
77^ 'B'f 


for />/„. 


(4) 


In Figs. 1(a) and Kb) the solid curve, which 





hrictional force coefficient of a moving dislocation 
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Ffaaaeftcy Mc/s 

(h) Sintered pellet with O/U = 215. 

Fig I Diltercntiiil dcciemcnts vs ticnucncics I'hc 
full curve shows the theoretical curve and the straight 
line shows the asymptote. 

is the theoretical curve, is adjusted so as to 
fit the experimental data. Then the position 
of the asymptote is automatically determined. 
Thus from the asymptotic value of equation 
(4), the frictional force coefficient B is 
obtained, using the dislocation density A 
obtained by the etch pit method [5] and assum- 
ing 0 = 0'0.5[4]. The dislocation loop length 
is obtained from the decrement maximum 
value. 

In Table I , typical results of measurements 
of the dislocation density, the dislocation 
loop length and the frictional force coefficient 
are shown. In Fig. 2 the values of the frictional 



Tpinpsraturfl 1*0 

Fig. 2. Temperalure dependence of the fnctional force 
coefficients of the sintered pellets with various O/U 
ratios and a single crystal. 

force coefficient B are plotted as a function of 
the temperature of measurements. The prob- 
able error of the B value is about ±10 per cent 
of the B value. The rises of B values are 
observed in the temperature regions of two 
internal friction peaks, The broken line shows 
the region where the B value cannot be 
obtained, because the attenuation at higher 
frequencies in that region is so large that 
reproducible measurements cannot be made. 
The B values are very large in our uranium 
oxides (Table 1 and Fig. 2). They cannot be 
the intrinsic B values, but they are the effec- 
tive values for dislocations moving in the 
crystal with large lattice disturbances. In this 
paper we are only interested in the relative 
increase of B values in the internal friction 
peak regions. 

4. DISCUSSIONS 
(a) The first peak region 

The increase of the B values is observed 
in the first internal friction peak region, i.e. 
from about 30° to about 90°C. 

As was reported in the preceding paper[l], 
the first internal friction peak is associated 
with the lambda type second order phase 
transition in U^Ou-^ crystal. Excess oxygen 
atoms enter into the UOj lattice interstitially 
resulting in UOa.j.-f crystals [6]. 
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Above the transition temperature the inter- 
stitial oxygen atoms in U 40 „_„ are distributed 
randomly, while below the transition tempera- 
ture they are redistributed to form an ordered 
U 40 a_j phase. Thus below the transition tem- 
perature the specimen consists of an ordered 
1^409 » phase and a disordered DOj+j phase, 
the latter phase having no transition point in 
the temperature range concerned. 

The internal friction due to a second order 
phase transition is expressed by the following 
equations [2,3]; 


^ 1 -Fw-T- 

(5) 

A 

(ft) 


where M is the relaxation strength, r is the 
relaxation time, T is the temperature, is 
the transition temperature, and /I is a con- 
stant. Equation (6) is often referred to as the 
l,andau-Khalatnikovl2] relation. 

Now let us consider the effect of phase 
transition on the frictional force of moving 
dislocations which were introduced by the 
plastic deformation. The stress field of a dis- 
location is considered to induce the redistribu- 
tion of atoms, which brings forth the phase 
transition, in the vicinity of the dislocation 
core in the bulk matrix which has not yet 
undergone the phase transition as a whole. In 
other words a moving dislocation is con- 
sidered to drag the phase change around the 
dislocation. This increases the B value below 
the transition temperature. This interpretation 
is supported by the fact that there is no 
increase of the B value in LJO.^ without 
excess oxygen, which material shows no inter- 
nal friction peak either (Fig. 2 of this paper 
and Fig. 4 in Ref. (1)). 

The magnitude of B is proportional to the 
viscosity experienced by a moving dislocation. 
If the viscosity is due to the drag of the 
phase change, the viscosity or the B value 
is proportional to the relaxation time of the 
phase change t. Equation (3) shows that B is 


proportional to the mechanical relaxation 
time of dislocation Tr- Then we can conclude 
that Tr is proportional to t. If this propor- 
tionality relation holds, we obtain the relation 

Tjr y, __ y. ' (2) 

where ^4' is a constant which is different from 
A by the proportionality constant of rhr- The 
transition temperature in equation (7) is 
the same as that in equation (6). 

In Fig. 3 the values of l/xr corresponding to 
the B values in Fig. 2 are plotted against the 
temperature in the first peak region. As shown 
by a broken line in Fig. 3, the relation (7) holds 
reasonably well except a point at 30°C*, if the 
scattering of measured points, which is due 
to (he difficulty in obtaining the B values in 
this temperature region, is considered. The 
temperature 7V is 84‘'C, which is the same as 
that obtained by the internal friction measure- 
ment! 1). 

The above shown Landau-Khalatnikov 
type relation in Fig. 3 supports the proposed 
mechanism of the drag of phase change for 


10 
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O 
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Fig. 3. The reciprocal relaxation timcTr ' vs. temperature 
in the first peak temperature region. 
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*The l/tr values deviate from the relation of equation 
(7) in the lower temperature region which is not shown in 
Fig. 3. This problem will not be discussed in this paper. 
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Fig, 4. The semilog plot of reciprocal relaxation timerr ' 
v.s. reciprocal temperature in the second peak temperature 
region. 

the increased frictional force coefficient of 
a moving dislocation, because the Landau- 
Khalatnikov type relation shows that the 
second order phase change is involved in 
the process concerned. 

( b) The second peak region 
The increase of the B values is also observed 
in the second internal friction peak region, i.e. 
from about 100 to about 200'’C. 

The second internal friction peak was 
interpreted to be due to the Snoek type 
redistribution of excess interstitial oxygen 
atoms in the 110 ^+^. lattice[ll. 

Now it is considered that the increase in 
the B values is brought forth by the Snoek 
ordering of excess interstitial oxygen atoms 
in the stress field of the moving dislocations. 
The mechanical relaxation time of disloca- 
tions 7r is proportional to the relaxation time 
of oxygen redistribution t. This is proved in 
the same way as discussed in Section 4(a). 
The logarithm of l/ir is plotted against the 
reciprocal of temperature of the second peak 
region in Fig. 4, which gives the relation 

( 8 ) 


= 8-3 X 10 -'^ exp (0 45 eV/kT) sec. (9) 

The oxygen redistribution peak of internal 
friction 1 1 ] is expressed by the relation 

T = 7 oexp(£/kT) (10) 

= M X 10~'‘'exp(0'49eV/kT)sec. (11) 

The activation energies in equations (9) and 
(11) are almost the same*. This, together 
with the fact that there is no increase of the 
B value in UO 2 without excess oxygen which 
shows no Snoek type peak either, supports 
the proposed mechanism of the Snoek order- 
ing of excess interstitial oxygen atoms in the 
stress field of the moving dislocations which 
results in the increased frictional force 
coefficient of dislocations. 


5 . SUMMARY 

(a) In uranium dioxide which consists of 

two phases, UO.. 4 J. and U 40 a_u, two relaxa- 
tion peaks of internal friction were found. The 
first peak at about 80°C at 5 Mc/sec is due to 
an order-disorder transition of 1 ) 409 -^^ phase 
with interstitial oxygen atoms, and the second 
peak at about 105‘’C at 5 Mc/sec is due to a 
Snoek type redistribution of excess inter- 
stitial oxygen atoms in 1 ]. 

(b) The frictional force coefficients B of 
moving dislocations were found to increase 
from their background values of about 1 x 10 '^ 
dynsec/cm- to their increased values of about 
6 x 10 - dynsec/cm^ at the first peak tempera- 
ture region and about 2-5 x 10"^^ dynsec/cm“ 
at the second peak temperature region. The 
increase of B at the first peak region is inter- 
preted to be due to the redistribution of 
atoms, which brings forth the second order 
phase change, in the stress field of the moving 
dislocations in the U 4 O 11 « phase, and the 
increase of B at the second peak region is 


‘The ratio of the two pre-exponential factors in equa- 
tions t9) and ( 1 1 ) comes from the proportionality constant 

Ofr/Tr- 


Tr = Trt exp(£/kT) 
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considered to be due to the Snoek ordering of 
the excess interstitial oxygen atoms in the 
stress field of the moving dislocations in the 
UO2+J. phase. 
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Abstract - The behavior of the a dislocation refcixalion peak in bcc metals has been investigated for 
various orientations of high purity single crystals which were deformed in tension at temperatures in 
the range 77-4.‘iO°K. The effects of subslitiitional alloying, interstitial impurities and strain aging 
were also examined These results coupled with results obtained by other investigators support a 
dislocation breakaway model as a likely mechanism of the a peak 

1. INTRODUCTION Dot altogether been eliminated as possibilities. 


A DISLOCATION in molion in a vibrating 
crystal dissipates energy in processes which 
may be displayed as characteristic over- 
damped resonance or relaxation peaks in 
the internal friction spectrum of the crystal 
as a function of temperature or frequency (11. 
One of the most familiar of such internal 
friction peaks is the Bordoni peak [2] in fee 
metals which seems to have counterparts 
in many other crystal structures[3-6]. 
Although a great deal of experimental and 
theoretical work has been performed in order 
to disclose the mechanism of these peaks, 
considerable uncertainty still exists over their 
origin. In studies of fee metals, a majority 
of investigators have concluded that the 
Bordoni peak has its origin in an intrinsic 
mechanism (i.e. a mechanism involving dis- 
location motion which is unaffected in a direct 
way by impurities and other defects). The 
mechanism which has perhaps received the 
greatest attention is the thermally activated 
formation of kink pairs in dislocation segments 
which lie along close-packed directions 
[7-11], However, many other intrinsic 
mechanisms have been proposed and have 

'Now ill Mcixsachusctls InMitule of Technology, 
Cambridge, Mass. 02139, U.S.A. 

tNow at Aeroxpace Corporation, E! Segundo. Calif. 
90245, U.S.A. 


There is even doubt expressed by some 
investigators f 1 2] concerning the suitability 
of intrinsic mechanisms as explanations for 
the Bordoni phenomenon. Rather, other 
defects, in particular point defects, in addition 
to dislocations may be involved in a direct 
way (i.e. an extrinsic mechanism may be 
occurring). In crystal structures other than 
fee metals, the situation is even more unclear. 

Chambers and co-workers (3] have made 
extensive studies of the dislocation relaxation 
spectra of deformed bcc metals. However, 
very little work has been performed on single 
crystals, and only cursory attempts have been 
made by other investigalors[13-15]. Because 
of the great interest and controversy con- 
cerning the rate controlling deformation 
mechanism of bcc metals at low temperatures 
and the probable relationship between the 
internal friction spectrum and these mechan- 
isms, we have studied dislocation relaxation 
peaks in single crystals of bcc metals which 
were deformed in ways for which the 
dislocation substructure could be well 
characterized. 

Crystals of various crystallographic orien- 
tations were deformed in tension at various 
temperatures to allow easy comparison of the 
internal friction response with the extensive 
results obtained on dislocation substructures 
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in bcc metals by transmission electron micro- 
scopy. The effects of substitutional alloying, 
interstitial impurities and strain aging were 
also examined. The present investigation 
was concerned primarily with one of the 
peaks, the a peak [16], observed in the internal 
friction spectrum of two bcc metals, niobium 
and molybdenum. 

2. EXPERIMENTAL 

All experiments have been performed on 
oriented single crystals prepared from iin. 
dia. polycrystalline rods of '~99'95 per cent 
purity and appropriate seed crystals by 
electron-beam zone-melting under a vacuum 
< 10 •‘torr. Some crystals of niobium were 
further purified by solid state outgassing 
near the melting temperature in a vacuum of 
~I0 "torr. These treatments yielded niobium 
crystals containing •'-20 ppm (outgassed) to 
-I.MIppm (zone-melted) of residual inter- 
stitials and molybdenum crystals containing 
-7 ppm of interstitials. 

The crystals were deformed in tension on a 
floor model Instron testing machine at a 
strain rate of • 10 ' sec"‘, after which internal 
friction specimens of appropriate length 
(usually less than one-half the total length 
of the deformed crystal) were cut out or wafer 
machined. Various deformation temperatures 
in the range 77-450°K were obtained by the 
use of standard liquid baths. 

In most experiments the internal friction 
was measured in the temperature range 
4-2-4(K)°K using a two component piezo- 
electric resonant bar technique for resonant 
frequencies near 100 kHz at strain amplitudes 
of -10 ’. In a few experiments, designed 
largely to obtain activation energies, the 
above measurements were complemented by 
additional measurements at -'2 Hz obtained 
by use of a low temperature inverted torsion 
pendulum on wire specimens and at ~20 MHz 
by the pulse echo technique. The damping 
in all cases was strain amplitude inde- 
pendent. 

More complete descriptions of the experi- 


mental procedures are available elsewhere 
[17,18]. 

3. EXPERIMENTAL RESULTS 
(a) Effect of deformation 

In order to investigate the eflTect of the 
amount of deformation on the internal friction 
spectrum, single crystals of niobium were 
deformed in tension at 300°K for niobium 
and at 450°K for molybdenum. These tem- 
peratures are ideal for obtaining clearly 
defined three-stage hardening curves for 
‘easy glide' orientations [18, 19]. 

Figure I shows the internal friction spectrum 
for molybdenum crystals deformed to various 
stages of the stress-strain curve. It is seen 
that the damping is very small in stage 1. 
Deformation into the early part of stage 2 
produces a step-like background with no 
peak but, as the deformation increases into 
stage 2 and stage 3, the n peak emerges and 
increases rapidly in height with increasing 
strain. Figure I also shows that the peak 
sharpens and moves to lower temperatures at 
higher deformations while the high tempera- 
ture background damping decreases. The 
internal friction spectrum at 28 kHz of a 
deformed polycrystalline specimen of molyb- 
denum due to Chambers and Schultz [16] is 
shown for comparison in Fig. 1: the peak 
height is much smaller and the peak tempera- 
ture. even when corrected for frequency 
differences, is much lower than for the single 
crystals. We ascribe these dilferences to 
the higher purity of the crystals (see 
Section 3(c)), 

We have observed somewhat different 
behavior in niobium crystals [15, 20]. Here 
a small a peak was evident even in stage 1 
of the stress-strain curve and the peak again 
grew rapidly in stages 2 and 3. Very little 
high temperature background damping was 
observed in these zone-melted crystals. 
However, we have recently tested crystals 
which had been further purified by ultra-high 
vacuum outgassing: low deformations pro- 
duced a step-like background and the a peak 
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Lig. 1. Internal friction curves for molybdenum single crystals oriented near the center 
of the stcreographie triangle and deformed in tension at dSO'K to various points on the 
shear slicss-shcar strain (r-y) curve Frequency /= 100 kH/,. A curve for polyeryslallme 
molybdenum prestrained 1 1 7 per cent at room temperature and tested at 28 kHz is shown 
for comparison (Chambers and Schultz] 16)). The peak temperature is shifted to 13I°K 

at 100 kHz. 


emerged out of the htickground at higher 
deformation in a manner very similar to that 
described above for molybdenum. Apparently 
the high temperature background is very 
.sensitive to loop-length effects. Thus, in- 
creasing the impurity content decreases the 
loop-length and decreases the background. 
Similarly at the highest deformations the 
background decreases (big. I) because the 
loop-length in the dislocation substructure 
has decreased. 

Orientations other than easy glide orienta- 
tions have also been investigatedtl5, 20,21]. 
bor [101] crystals of molybdenum, parabolic 
hardening was observed (no stage 1). The 
step-like background internal friction was 
observed immediately after small deforma- 
tions. bor example, 2 per cent shear strain of a 
[101] crystal produced an internal friction 
spectrum similar to that obtained by 20 per 
cent shear strain of an easy glide crystal. The 
behavior with increasing deformation is much 
the same for the two orientations. A similar 


comparison of the orientation dependence 
can be made for niobium and. again, the major 
differences occur at low deformations 
according to whether stage 1 is present or 
absent (20]. 

The effects of orientation suggest that the 
stress level attained during deformation is 
more important in determining the internal 
friction spectrum than the strain level. In 
particular the level of work hardening may 
be significant; this is measured by the differ- 
ence between the flow stress and yield stress. 
(t-T|)). (In easy glide (t-td) remains small, 
while in 1101] crystals (t-to) increases 
rapidly). Figure 2 shows a logarithmic plot of 
the o peak height, against the work 
hardening stress, (t-to). Results for both 
niobium and molybdenum are included using 
a variety, of orientations, both easy glide and 
parabolic hardening types. There is a good 
deal of scatter in Fig. 2 but, even so. all the 
data fall around a single straight line of slope 2. 
indicating that Since it has 
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been found by transmission electron micro- 
scopyl33-34J that the dislocation density, p, 
increases as the square of either t or tr-To). 
using the latter in the above equation gives that 
p. In other words, the peak height is 
directly proportional to the dislocation 
density. However, it is unlikely that the o 
peak height is controlled simply by the total 
dislocation line length for the following 
reasons. Figure 2 shows that the parabolic 
hardening crystals of molybdenum tend to 


have somewhat larger peaks than easy glide 
crystals. In addition, for molybdenum. Fig. 2 
does not include any peak heights at low 
stresses because the « peak does not emerge 
from the background until high deformations. 
Finally, we note that Chambers [3] and 
Alefeld et a/.[22] have shown that it is 
possible to induce the « peak or the Bordoni 
pctik respectively in slightly strained speci- 
mens by subjecting them to large strain 
amplitudes or bias stresses. It is concluded, 




disloc ation relaxation in single crystals of bcc METALS 


1X93 


therefore, that the height of the a peak is 
controlled not only by the total line length 
of dislocations but probably by internal 
stresses as well. 

(b) Effects of deformation temperature 

Niobium and molybdenum crystals were 
detormed at different temperatures in order 
to investigate the effect of dislocation type 
and arrangement on the internal friction 
spectrum The dislocation arrangement 
induced by deformation depends strongly 
on temperature. At higher temperatures 
(where three-stage hardening is observed, 
i.e. ~30(TK for Nb and ~450“K for Mo), 
dislocations are mostly near the edge orienta- 
tion and occur in dipole and multipole patches 
in stage I ; with increasing stress in stages 2 
and ,3, the patches link up to form a cell 
structure with a high density of planar dis- 
locations in the cell walls and a relatively 
low density inside the cells. After deformation 
at lower temperatures, the substructure 
consists predominantly of long, irregular 
screw dislocations with a high density of 
jogs; with increasing strain, the screw dis- 
location density increases but no cell structure 
develops 1 2.3-26], 

The effect of deformation temperature on 
the internal friction spectrum is illustrated 
in big. .3, where selected curves for Nb and 
Mo crystals are shownl2()-2 1 1. The peak 
height which can be induced by deformation 
is found to decrease substantially with 
decreasing temperature; also, the background 
is lower. The behavior of Nb and Mo with 
respect to the peak temperature is quite 
different: for Nb the peak temperature 
decreases slightly with decreasing deformation 
temperature (by < 10°). while for Mo the peak 
temperature increases (by '-30-40°). If we 
regard the peak temperature as being con- 
trolled by a frequency factor which is inversely 
proportional to some loop length (the activa- 
tion energy remaining approximately constant, 
as discussed in the next section), then we 
might expect the peak temperature to be lower 


after low temperature deformation because of 
the high density of jogs acting as pinning 
points. The observed low background internal 
friction would also be expected from this 
cause. However, ifjog pinning were important, 
the same behavior of peak temperature should 
hold for molybdenum. This does not seem 
to be the case. 

The lower peak heights in Fig. .3 for crystals 
containing a high density of screws infer that 
screw dislocations are not involved in the 
mechanism of the o peak. However, this is 
not a unique conclusion. Because the dis- 
location arrangement varies with deformation 
temperature, the internal stress state of the 
crystals varies. Thus the screw dislocation 
structure is rather uniform and consequently 
dislocations may have a lower internal stress 
acting on them than in the cell structure where 
local dislocation densities are very high. A 
lower internal stress could produce a lower 
peak height and also a higher peak tempera- 
ture(9, 12] (agreeing with the behavior of 
molybdenum in this case). 

(c) Effects of a Hoy ini’ 

The effect of substitutional alloying has 
been investigated by the addition of Mo, 
Zr and V to Nb. The effect of interstitials 
has been studied for both Mo and Nb by 
comparing crystals of different purities and 
also by aging experiments. 

Figure 4 shows selected internal friction 
curves for crystals of niobium and various 
substitutional niobium alloys deformed to 
shear strains —40-50 per cent. All three 
substitutional elements are seen to reduce the 
peak height considerably: the peak height 
decreases by an order of magnitude by the 
addition of about one atomic percent. Further 
additions of molybdenum, for example, 
eliminate the peak almost entirely, leaving a 
small stepped background with a maximum 
damping -.3X10'^ In addition, the peak 
temperature is seen to be reduced by about 
20°. Since there is a corresponding reduction 
in peak temperature at torsion pendulum 
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I ly 1 Inlcniiil fnclion cuivcs illuslr.i(int> ihc effect of detoimalion tem|wra- 
liiie. /. on crystals pulled in tension as follows. Molybdenum 7' = 450‘ls, 
r - f)'0 kit/mm-', ■y = 0-l!8; Molybdenum 'r= I70"K. T-34’0kg/mm^ ■y = 
0 I.V Niobium 7 = dOO'K, r = 3-6 kg/tnm-. y-0-4i: Niobium T= 192'’K, 
T = 8 0 kg/min-'. y - 0-36. 


fieqiienciesl20]. this effect appears to be 
due mtiinly to a chanjje in the frequency 
factor./,,. 

With regard to the effect of interstitials, 
for niobium crystals it has been found that 
reducing the interstitial impurity content from 
' 1 .M) ppm to - 20 ppm has the effect of 
(a) increasing the a peak height by a factor 
of about four, (b) increasing the peak tempera- 
ture by 20“ and (c) increasing the background 
damping above the a peak. For molybdenum, 
the effect of interstitials may be discerned in 
Fig. 1 where the peak height and peak tempera- 
ture for the relatively impure polycrystalline 
specimen of Chambers and Schultz [16] are 


much lower than for the single crystals. Thus 
interstitials and substitutional impurities 
produce qualitatively the same effect, namely 
a reduction in peak height and temperature, 
although quantitatively a concentration of 
interstitials about two orders of magnitude 
less than of substitutionals is required. 

The effect of interstitial impurities is also 
illustrated in Fig. which shows the influence 
of aging at 500 and 380°K on the internal 
friction of deformed crystals of molybdenum 
and niobium respectively. In both cases aging 
decreases both the peak height and back- 
ground although the background appears to 
be more sensitive. The peak temperatures 
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Fij!. 4, Inierniil f'rrction curves illustrain^; the effect of substitutional alloyinj: 
in niobium. Crystals were deformed at r(H)in temperature as follows Nb. 
T = 3'b kpimin-, y-()-44; Nb-O-.TJf V. r = 6 I kjiimni-. y = U-4T Nb- 
I 0 % /r. r = 8-8 kg/mmCy = 0 - 55 . Nb-1 4bf Mo.r- .V7 kp/mmCy = 0-48 


are also reduced in accordance with the 
impurity effects described above. The 
decreases in peak temperature and back- 
ground can both be ascribed to reductions 
in loop length caused by segregation of 
interstitials to dislocations. 

Figure 6 shows a collection of our data[201 
combined with the data of others on the a 
peak in niobium, plotted as the logarithm of 
the measuring frequency against reciprocal 
peak temperature. Three parallel lines are 
drawn. One is for relatively impure poly- 
crystalline material containing -500 ppm 
impurities (this is not always specified). 
Another line is for zone-refined niobium 
(*- 1 50 ppm impurities) and a line is also drawn 


through our data for outgassed niobium 
(-20 ppm impurities). The implication of the 
parallel lines is that the activation energy is 
independent of impurity content but that the 
frequency factor./i,. in the Arrhenius equation 
increa,ses (roughly linearly) with impurity 
content. The dataof Mazzolai and Nuovo|27| 
on tantalum given by the insert in Fig. 6 are 
in agreement with this implication. These data 
are for deformed specimens annealed at 
373‘’K for various times: they show that the 
straight line plots of log/ vs. 1/T are gradually 
displaced, such that f„ increases with in- 
creasing annealing times (i.e. increasing 
impurity concentrations at the dislocations) 
and the activation energy remains approxi- 
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I ig ' Inleinal friction ciirvec illiii.liating ihe effect of aging on deformed 
Miigle cryslals (a) Molybdenum deformed at 450°K to T-4■3kg/mm^ 
y 0 13. (b) Aged 4hi al .‘iOO"K. (c) Niobium deformed at 300"K to 7 = 
4 2 kg/mm'.-y = 0 57;(d) Agcdby hcatinglo380"K at rK/min. 


mutely constant (within the limited frequency 
range investigated). 

4, DISCUSSION 

Most of the results of this investigation on 
the (« peak can be interpreted in terms of the 
Seeger theory(7| of double kink formation 
if the theory is modified ( I ) to take into 
account the likely affect of internal stresses 
|9, 10] and (2) to recogni/c that the o peak 
probably involves dislocations in non-screw 
oricntalions[l7, Ift, 211. However, there is 
one result to which we attach major signifi- 
cance in this paper and which the theory 
docs not take into account in a simple way. 
'I'his is the efl’ect of purity, alloying, or strain 
aging on the relaxation rate parameter 
in the Arrhenius equation. Physically, one 
should expect for a relaxation process con- 
trolled by double kink generation that the 
larger the loop length between point defect 
pinning points, the more places along the 
dislocation line at which the kink pairs can 
be nucleated. Thus, increased purity should 
result in a larger f„ and a lower peak tempera- 
ture. Examination of Figs. 4-6 reveals that 


the inverse type of loop length dependence 
is observed experimentally. 

The observed loop length dependence of 
f„ is characteristic of mechanisms for which 
the entire loop length between pinning points 
is involved in the relaxation process, e.g. as 
in the Braiisford kink diffusion model[28]* 
or in various dislocation breakaway models 
[12,291. With such models, the longer the 
loop length, the fewer are the attempts 
at relaxation and the higher is the peak 
temperature. 

Of course, it is possible to modify the 
double kink generation theory to account 
for the observed loop length dependence. 
One of the early theories of the Bordoni 
peak due to Mason[30J described the relaxa- 
tion proce.ss in terms of a dislocation parallel 
to a clo.se-packed direction which moves 
across the Peierls barrier essentially as a 
rigid rod between pinning points. Seeger and 
SchillerjS] interpret the relaxation time of 
the Bordoni peak as the sum of three time 

“This theory is probabty not applicabte because of the 
finite dislocation modulus defect observed at temperatures 
below the 0 peak [3, 2 1). 
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Lig 6. Arrhenius plol of log measuring frequency againsl reciprocal peak temperature for 
niobium icenler curves) and tantalum (insert )- The parallel curves lor tantalum were shilted 
to the right by progressive annealing at .fVTKtZT) (see text). 


constants associated with kink formation, 
kink-kink and kink-phonon interactions, 
and kink-defect interactions. The latter two 
relaxation times are assumed to have slower 
temperature dependences than the former and 
contribute to the broadness of the peak, 
mainly on the high temperature side. How- 
ever, the data of Fig. 6 do not indicate within 
experimental accuracy an effect of loop length 
on the activation energy A// of the « peak, 


such as would be expected from these models. 
Rather, the activation energy appears to be 
independent of loop length, quite like that 
expected for breakaway models for which 
AH - hi, or where E„ is the dis- 

location-impurity interaction energy, v is 
the activation volume, and is the effective 
stress on the dislocation which is equal to 
the applied stress plus the internal stress 13 1], 
Peguin and Birnbaumll21 have recently 
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suggested that the Bordoni peaks in fee metais 
may result from thermally activated break- 
away of a vibrating string dislocation from 
a dilute atmosphere of pinning points. This 
type of model in general accounts for the 
major features of the « peak observed in 
this paper, including the purity dependence, 
if internal stresses from deformation account 
for a major portion of the effective stress. 
However, in detail the model does not account 
for the low relaxation strength of crystals 
deformed at low temperatures unless the 
low peaks are due to insufficient internal 
stresses|9. 32]. In Section 3, our results 
on low temperature deformation inferred 
that, in addition to the possible deficiency 
of internal stress, the preponderance of 
non-contributing screw dislocations was 
probably responsible for the .small size 
of the o peak. This suggests that the « peak 
is caused by breakaway of non-screw 
dislocations from pinning points. 

Since the Peierls stress in bcc transition 
metals is probably finite, perhaps even large, 
it is reasonable from the above discussion to 
attribute the o peak more spccihcally to 
breakaway of moving kinked dislocations 
from impurity pinning points. Our visual- 
ization of such a process is similar to the 
trapped kink model of Hasiguti|33, 34] but 
with one exception: we regard the relaxation 
rate to be controlled by the rate at which 
kinks pile up at the pinning points (as in the 
Braiisford kink diffusion model) prior to 
breakaway. Thus qualitatively would be 
inversely proportional to the loop length 
as observed in Fig. 6. 

Thus, our model for dislocation damping 
in the vicinity of the a peak is the following. 
At temperatures below the a peak, mixed 
dislocations move by kink diffusion behind 
pinning points which act as reflectors. The 
small loop lengths and the existence of internal 
stresses, which move the equilibrium positions 
of the kinks toward the pinning points, 
account for the low background damping in 
deformed bcc metals at low temperatures. 


The peak damping is directly associated with 
the breakaway process and at low amplitudes 
is displayed in a manner similar to peaks 
predicted by models of thermally activated 
breakaway of vibrating string dislocations 
from pinning points. At temperatures above 
the a peak, amplitude independent back- 
ground damping with a new, larger effective 
loop length occurs, giving the stepped back- 
ground seen in Figs. 1,3,4 and 5 and in much 
of the data of Chambers (3], 

At high strain amplitudes, breakaway from 
additional pinning points occurs. In the 
entire internal friction spectrum, the extent 
to which dislocation damping is manifested 
as ft peak damping or amplitude dependent 
hysteretic dampingl35] will depend upon the 
relative roles played by stress and tempera- 
ture in effecting breakaway. Increasing strain 
amplitude should shift the peak to lower 
temperatures in the manner seen in Fig. I 
for increasing internal stress and in amplitude 
dependent damping studies of Chambers[3]. 
Also, the release of dislocations by breakaway 
at ft peak temperatures should permit strain 
amplitude dependent breakaway damping to 
be an easier process at temperatures above 
the peak. This is also confirmed by Chambers’ 
studies. 

The model presented infers that the classical 
Seeger double kink generation process either 
occurs as a relaxation peak at higher tempera- 
tures, perhaps in the range of Chambers' 
/3 or y spectra|3]. or is not displayed in the 
internal friction spectra of bcc metals. The 
strain aging phenomenon demonstrated in 
Fig. 5 prevented us from examining the 
appropriate temperature range to test these 
ideas. 

With the exception of the effects of low 
temperature deformation (Fig. 3) and the 
large effect of impurities on the peak position 
(Fig. 6), all of the features displayed by the 
a peak are also displayed by the Bordoni 
peak in fee single crystalsflOj. Since both 
of these differences arise from properties 
apparently unique to the bcc crystals (e.g. a 
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higher Peierls stress, much larger edge and 
screw dislocation-interstitial solute interaction 
energies), we suggest that the Bordoni peak 
involves the same mechanism as the a peak 
or a very similar one. If the Peierls stress of 
fee metals is significantly smaller than that 
of bcc metals, the concept of kinked dis- 
locations may not be as important as supposed 
here, and a vibrating string model of thermally 
activated breakaway may be a more appropri- 
ate description of the Bordoni peak. Bias 
stress experiments of the type described 
by Alefeld et ai[ll\ can be important in 
settling such questions. 
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FRICTION PEAKS ASSOCIATED WITH DISLOCATIONS 
IN VARIOUS METALS, AND THEIR RELATIONS 
WITH COLD-WORK 

J. de POUQIJET, P. BOCH, J. PETIT und C. RIEU 

I Idle Niilionale SupsVieure de Mecanique cl d'Aerotechnique. llnivcr.sili of Poitiers, Prance 

tRoii’n'fdS Si'plrmhor 1969, m rftiwd form 211 < h lohri 1969) 


Abstract - Pctiks of internal friction associated with dislocations were studied under the same experi- 
mental conditions between 77 ■71I0‘'K. in the frequency range .<-M) kH/., on vartoits metals. Copper. 
Aliiminum, Nickel, Zirconium, Molybdenum 

Pxpciimentdl results show a close relationship, characteristic of each metal, between the height of 
peaks and the amount of prestrain at room temperature. I hese relaltons and the inHuence of successive 
anitcaltngs aflet cold-work, or of the additional elements foi Zirconium, confirm the consequence of 
internal stresses on these peaks, m accordance with the .Secger-Paie theory for Bordoni peaks, and 
viih the Hasigiiti first model for peaks observed at higher temperature 


I. INTRODUCTION 

Tut iNrr-RPRti A i'ioN of thermally aclivaled 
inicrnal friction peaks observed on metals 
at low temperature after plastic deformation 
necessitates si detailed study of the influence 
of cold-work amount, impurity concentration, 
and conditions of deformation (temperature, 
rate of deformation, ...) on peaks height and 
peaks temperature and the associated 
modulus defect! 1,2]. 

In the present investigation the influence of 
the amount of the room temperature prestrain 
on peaks observed between 77-70<)°K 
(Bordoni, Niblett and Wilks, and Hasiguti 
peaks) has been studied systemalically. under 
the same experimental conditions on Copper, 
Aluminum, Nickel. Zirconium, and Molyb- 
denum. 

For this, all measurements were made on 
polycryslalline rods of about the same grain 
sizes, subjected to longitudinal vibrations in 
the frequency range 5-50 kHz, with excitation 
and detection by the capacitive method [3. 
4, 5], The vibration amplitude was sufficiently 
low to avoid hysteresis effects, and the back- 
ground Q"' of the apparatus was less than 
5xl0-'\ The diameter of the rods was 


0-3-0-7cm and their length 8-15 cm. The 
prestrains at room temperature were realized 
by successive tractions or compression on a 
10 T. Instron machine, at a rate of O’ 1 cm/min. 

2. EXPERIMENTAL RESUl.TS 

The principal results obtained on the 
different metals are following; 

Copper. Data on 99 ’999 per cent pure 
Copper, with allowance made for background 
which decreases when the plastic prestrain 
increases, show a close relationship between 
the variations vs, presirain of Bordoni peak 
/*„ and Hasiguti peak P, obtained at 77-225'’K 
for a frequency of about 1 3 kHz. 

These variations (Fig. I) are characterized 
in particular by the existence of a maximum 
peak height for a 7 per cent prestrain. How- 
ever, the thermal treatments before straining 
on hard-worked rods have a considerable 
influence on the height of peaks after a same 
deformation, and this influence is the same on 
the two peaks; the height is maximal for an 
initial annealing of 2 hr at 240°C leading 
to a near isotropic crystalline state, without 
texture, and with a mean grain size of about 
70(1. On the contrary, the thermal treatments 
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I ig I Dependence ol (he heighl of /'„ and for poly- 
cry^li^lllne (u on amoiinl of room icmpcrimiie prestrain 

after deformation affeet /*„ and P, differently, 
and an annealing of 48 hr at I00“(' eliminates 
/’i while the disappearance of Pn requires 
recryslallisation. 


Aluminum. Unlike Copper, the height of 
peaks observed on 99-995 per cent pure 
Aluminum, P' at 143°K and P" at I03°K for 
a frequency of about 17 kHz, increases 
uniformly with the prestrain (Fig. 2), at 
least to the 30 per cent cold-work obtained 
here. Also, the two peaks are very rapidly 
eliminated during annealing at temperatures 
below 100°C; but a difficulty is found in 
separating the spectrum only into two peaks 
P' and P". from the vari-ation of peaks during 
annealing. One better description seems to 
correspond with three peaks (/’', P". P’")\ 
the activation energy for the third peak 
would be 0- 1 eV and its temperature about 
93°K. This decomposition gives a decrease 
of the temperature of each peak when the 
prestrain increases: 

A T,., = -1 1°, A 7',,» = -8°, A T,... = -6° for an 
increasing prestrain from 0-33 per cent to 
30 per cent. 

Nickel. Figure 3 shows the evolution of 
damping obtained on 99-999 per cent pure 
Nickel for increasing cold-work. Very light 
prestrains at room temperature give rise to a 
broad peak Pj. located at about 223°K for a 
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t Ig 2 Vanaiion of the height of I" and peaks for Alumi- 
num vs. room temperature prestrain. 
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Flu 3, Damping spectra of polycryslalline Ni after various amounts of plastic dcformiition at 22°( 
(measurement made at 16 kHz) 


frequency of 17 kH?; heavy cold-work gives 
another peak P„ situated at about I33°K. 
The height of peaks for a same amount of 
prestrain is dependent on pre-annealing and 
grain size, but the variation is lesser than on 
copper. The temperature of peaks decreases 
slightly when the grain size increases, but 
the shape of peak T, is different and the peak 
seems to be made up by two peaks, one at 
about 208°K and another at 248°K. 

This behaviour of Nickel has been already 
pointed out by Sommer and Beshers(6|; 
but we have not observed the same shift in 
temperature of Pj- with cold- work and its 
reappearance during annealing after a heavy 
cold-work. 

Zirconium. Unlike the preceding metals. 


the spectrum obtained on Zirconium and on 
its alloys (Zr-Cu 1 6% and 2-5%; Zr-Cu-Mo 
) is remarkably simple, big. 4. The height 
of the peak situated at about 223°K for a 
frequency of about 13 kHz increases uniformly 
with cold-work, and the results are identical 
for pure Zirconium and for the alloys. But 
the height of peak which has an activation 
energy of 0-35 eV in every case is less for 
pure metal at the same amount of cold-work. 

As for peak P„ of Nickel, successive 
annealings after prestrain lead to an increase 
of the peak- for low temperatures annealings 
and to a gradual decrease above a certain 
temperature which is about 200°C for pure 
metal and alloys. So, the disappearance of 
the peak is obtained, as for Aluminum and 
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TeMPEMTURe(*K) 

I ig. 4 Dcpomlcnce of ihc hciuht of peak for puic polycryslalline Zirconium oa amount ol loom 
lemperalurc piestrain (measurement made at 1 f kHz) 


unlike Vu on copper, al ralhcr lower tempera- 
ture than the recrysiallisalion. 

Molvhdenum. I esls carried out recently on 
99-995 per cent pure polycrystallinc molyb- 
denum. showing a clear yield point at room 
temperature, give three successive stages 
in the increase of peaks vs. the amount of 
prestrain; a small increase is observed for 
strains below the yield point, a rtipid increase 
during I iiders band propagation, and another 
gradual increase during the strain-hardening 
process- fig. 5. four peaks at least are 
consistent with the spectrum obtained 
between 77°-700°K, and an annealing at 
70()°K leads in every case to the disappearance 
of peaks which reappear after a new deforma- 
tion at 20T. The peak at about 143°K (Pa) for 
a frequency of 1 9 kHz is lower than peaks 
Pfi (al about 350. 430 and 650°K) for slight 
prestrains, and Pa get higher than T/S from 
prestrain above 0-6 per cent. These results 
are in accordance with those obtained by 
Chambers and Schultz f 1,2] but the amounts 


of prestrain which give the same height for 
Pa and Pfi are very different. A belter corres- 
pondence is observed between Q ' and the 
stress or than between Q~' and the prestrain 
€(<r). 

3. CONCLUSION 

The principal conclusions that can be drawn 
from these different results are; 

(a) The close relationship between the 
evolution of peak P„ and P^ on copper in 
relation to prestrain and initial conditions 
of annealing. 

(b) The monotonous increase of peaks P' 
and P” in aluminum as opposed to P„ and P, 
on copper and the difficulty in separating the 
spectrum into two peaks only. 

(c) The peculiar behaviour of Nickel for 
which two peaks, Pj. and P^, are successively 
obtained for an increasing cold-work and 
the same influence of pre-annealing on the 
height of these two peaks. 
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(d) The parlicularly simple shape of 
spectrum observed for Zirconium and its 
alloys, in contiast to the complex spectrum 
reported by T sui and Sacks [ 1 1 for Magnesium, 
but the slip systems are different for these 
metals. 

(e) The close relationship between the 
evolution of peaks for Molybdenum, and the 
different stages of the stress-.strain curve 
of this metal at room temperature. 


It is difficult from only these data, and the 
results obtained by different authors on the 
same metals, to give a sure interpretation of 
the variations of the height of peaks with the 
amount of prestrain. But the influence of pre- 
annealing and grain size on the height of peaks 
for the same deformation, the influence of 
additional elements on the height of peaks 
on Zirconium, and the close relationship 
between the variation of peaks and the 
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temperature range 80-600°K and e=l()“^ 
(c) one Elastometer Forster. Transverse 
mode of vibration: 2 kHz, temperature range 
80-47()“K. 

The sample materials used here were: 

(a) polycrystalline aluminium '.Superaffinar 
from Aluminium Suisse (99-999 per cent). 
After rolling or wire drawing the samples 
were annealed for one hour at fi7()°K under 
low vacuum. In the pendulum, before cold- 
working, the specimens are annealed in situ 
(2 hr at 47()°K) to eliminate handling effects; 

(b) polycrystalline gold from Metaux Precieux, 
Neuchatel (99-999 per cent). After machin- 
ing the samples are annealed under high 
vacuum for 4 hr at II7()'’K. As before the 
samples are annealed in situ (4 hr at 670“K) 
to eliminate handling effects. 

.V MODUI.HS EFFECTS 

We will report here results obtained on 
both gold and aluminium. Figure 1 shows 
modulus detect AE'/E of a gold and an alumin- 
ium sample, coldworked at liquid nitrogen 




tig.l. ^ElE measured at I00°K against annealing 
temperature, la) gold; (b) aluminium. 


temperature against the annealing tempera- 
ture. The curve A for gold was obtained in 
flexure at 1 80 Hz, after it was coldworked 
at per cent by traction at liquid nitrogen 
temperature. The curve B for aluminium was 
obtained after coldworking at 0-15 per ceht. 

If the theoretical explanation of dislocation 
pinning by point defects is accepted, we have 
to conclude that these modulus changes are 
produced by the arrival or the disappearance of 
point defects on dislocations. Following this, 
on the gold curve a pinning stage appears up 
to 220°K. Then a depinning stage is observed 
up to 270°K and is followed by a new pinning 
effect. 

The same results are still observed in the 
aluminium case but with a temperature shift 
to lower temperatures (50°). We have veri- 
fied that the height of Bordoni peak and back- 
ground amplitude vary in the same way with 
annealing temperature, these two phenomena 
being due to the presence in metals of free 
dislocation lines. 

4. HASIGDTI FEAK.S 

The results on internal friction measure- 
ments are shown on Figs. 2. 3 and 4. Figure 
2 shows a result obtained on gold in an inverted 
torsion pendulum. The gold wire was cold- 
worked in situ 3 per cent by torsion at liquid 
nitrogen temperature. Internal friction was 
measured during ten linear rises, from 90 up 
to 203°K. Successive rises were then carried 

out at 223, 243°K, etc according to the 

programme shown on Fig. 2. 

On the first curve a peak is observed. Its 
maximum starts increasing (curve 2) and then 
decrease.s quickly (curves 3-11). It corre- 
sponds to Hasiguti peak P.^. Parallel to the 
annealing of Pj a new peak P., appears, its 
maximum is near 2I0°K. At the same time 
as P.., disappears a small peak Pj appears at 
approximately 120°K. 

A result obtained in flexure on an embedded 
foil is shown on Fig. 3. The foil is lOO/um 
thick and is coldworked 3 per cent by traction 
at liquid nitrogen temperature. As for the 
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Fig. 2. Internal t'ricKon of gold aguinsi temperature Measurements 
have been made in a pendulum tO ? FIz) after cold working 2 per 
cent m torsion 

results of Fig. 2, internal friction is measured first run up to 1 3,V K afirst peak P^ isobserved 
during a succession of linear annealings. The at 1 10°K. During the second run up to 22.3°K 
same peaks as before arc observed but there (wo new peaks arc observed, the Bordoni 
is a shift of about 50° towards higher tempera- peak at 9.5°K[41 and P„ at 1.5.5°K. The peak 
tures. The peak P-, appears only the first rise; P^ seams already completely annealed. On 
it disappears immediately and completely the third and fourth curve only the Bordoni 
and two peaks P, and Pj are observed on the peak appears, 
following curves. 

On Fig. 4, results obtained on aluminium 
wire in pendulum are presented. The wire is discussion 

coldworked 0-5 per cent at liquid nitrogen The proceeding results are sumed up on 
temperature. These results are essentially Fig. .5. Both modulus defect and internal 
similar to those obtained in gold. During the friction peak height changes arc reported 
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different stages of the stress-strain curve 
(or of the strain-hardening process) of 
these different metals agree with the Seeger- 
Pare|7,8] theory for the peaks at lower 
temperature, and for the others with Hasiguti’s 
first model [9] which considered diffusion of 
kinks pinned by point defects or impurities. 
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MODULUS EFFECTS AND HASIGUTI PEAKS ON TWO 
COLDWORKED fee METALS: GOLD AND ALUMINIUM* 

W. BENOIT, B. BAYS, P. A. GRANDCHAMP and B. VITTOZ 

I.ahoratoire de (ienie Alnmique de I'Ecolc Polylechmqae Eederalc. I.ausanne. Suisse 

and 

(;. FANTOZZI, J. PEREZ and P. COBIN 
Departement dc Physique, Institul National des Sciences Appliquees. I.yon, France 

{Heccived iO Sepiemher 1969) 

Abstract-High punly polycryslalline gold and aluminium 99-999 per ceni cold worked al liquid 
nitrogen temperature have been studied on several internal friction installations lorston pendulums 
(0-04-2 Hz), embedded foils flexure (30-500 H/) and bar flexure (2 kHz) Several internal friction 
peaks have been observed, already noticed by other authors (P,,/f,, /'..in gold./', andP„inalurhiniiim) 

Linear annealings make it possible to show the recovery stages ol these peaks and to calculate 
the corresponding energies. 

I he modulus defect i c the pinning of the dislocation lines, is shown by the measurement of 
Y oung's modulus carried out at the same ttmt as the internal friction measurement 

The results have been interpreted in terms of an interaction between dislocation lines and intnn- 
sic point defects 

I. INTRODUCTION where C = constant 

This paper presents some results obtained on A = dislocation density 

two fee metals, gold and aluminium. The main /=mean loop length between two 

goal is to observe interactions between dis- pinning points, 

locations and point defects. The most impor- 
tant part of the results have been obtained on The arrival of point defects on dislocation 
specimens coldworked at liquid nitrogen lines reduces their mean loop length and the 
temperature. During an increase in tempera- modulus defect decreases. Also the presence 
ture different internal friction peaks and of ptiint defects on dislocation lines seems to 
modulus effects are observed; only results produce some relaxation peaks such as 
obtained between liquid nitrogen tempera- Hasiguti peaks |2] which appear between 
ture and room temperature will be presented, liquid nitrogen and room temperature in both 
it is well known that point defects on dis- gold and aluminium. Then modulus effects 
location lines produce dislocation pinning, and Hasiguti peaks will be observed in view of 
Modulus defect measurements are very sensi- studying dislocation pinning and depinning 
five to such dislocation pinning. As a matter of in the different stage of recovery, 
fact we have from both the bowing string model 

or from the kink model this expression! I): 2. experimental procedure 

The apparatus used in this work are of 
AE P-fa three kinds: (a) two inverted torsion pendu- 

E fo^ Iumsl3,4]: frequency range 0 04-2 Hz; 

temperature range: SO-bOO^K and « = 5.10'^ 

•Thix work was partially supported by the Swiss One embedded foil vibration installa- 
Nationai Fund. tion[3]. Frequency range 30-,''00Hz. 
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f ig 3, Internal friction and frequency of a gold foil against temperature. 
Measurements have been made in a flexion installation aftei cold 
working 3 per cent m traction. 


above for gold and below for aluminium. The 
annealing temperature is indicated in abscis- 
sa. The changes of AHjE show the pinning 
and depinning zone as it has been noted on 
Fig. 1. It can be observed that, on one hand, 
the Pi and P., peaks appear and completely 
disappear in the first pinning zone, on the 
other hand, the Pi and P„ peaks disappear 


in the depinning zone*. Thus, if we take 
into account the temperature shift a great 
similarity between gold and aluminium is 
observed. In conclusion there are very good 


*ln the case of gold there are actually two stages of 
annealing as reported on Fig. 5. But the first stage is 
the most important one[.3]. 



modulus effects and HASIGUTI PEAKS 
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Fig 4. Internal friction of aluminium against temperature. 
Measurements have been made in a torsion pendulum 
( 1 H?) after cold working 0 5 per cent in torsion. 


reasons for thinking that and in the 
aluminium correspond to P, and P^ in the 
gold, respectively. 

It does not seem that these peaks are due 
to the elastic anistropy of any point defects 
for several reasons[3,41: (a) the limit fre- 
quency is too low (between 10" to 10'^); 
(b) the peaks are broader than those due 
to single reorientation processes; (c) the 
relaxation strength is high; (d) the relaxation 


strength increases with the ratio of cold 
working at low deformation but shows nearly 
a saturation at higher deformation (higher 
than 2 per cent in torsion); (e) annealing 
properties are difficult to explain with assump- 
tion of point defect reorientation. 

The preceeding remarks lead us to think that 
both dislocations and point defects are respon- 
sible for the peaks. The exact mechanism is 
not yet known but several models such as 
those proposed by Hasiguti[5], Koiwa and 
Hasiguti[61 Peguin and Bimbaum[7] and 
Schlipf[8], can be accepted. The evolution 
of the modulus defect and of internal friction 
is now to be considered. The comparisons 
between the modulus defects and internal 
friction peaks cannot be considered unless 
one supposes that the defects which pin dis- 
locations are the same as those which are 
responsible for the internal friction peaks. 

First, the pinning effect can be associated 
with the increase of P.^ and peaks; the 
temperature range corresponds to stage 2 
observed by electric resistivity measure- 
ments in aluminium[9] and in gold[10J. 

The nature of defects responsible for this 
stage is not exactly known but generally 
authors attribute this stage to annihilation 



t ig. .5. Evolution of AtVf and peak height with annealing temperature. 
Upper part ’ gold, I owerparl. aluminium 
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of inlerstitial type defects. Then, it can be 
thought that those defects migrate towards 
dislocation lines, pin them and are responsible 
for Pi and peaks. 

However, the Pj and P,, peaks disappear 
quite rapidly without depinning effect. At 
the same time, the P^ and Pg peaks appear. 
Those observations can be interpreted by 
the migration of interstitials along dislocation 
lines leading to the formation of interstitial 
clusters which are more stable on dislocation 
lines and which interact more strongly with 
them. Then Pa and Pg can be due to the inter- 
action between such clusters and dislocation 
lines. The hypothesis of pipe diffusion is 
confirmed by Aiefeld[II] who showed that 
mobile pinning point defects on or near 
dislocation lines tend to group together. The 
apparent activation energy of the annealing 
process of P^ and P^ peaks is (0-37±0-04)eV 
and (0'25±0 05)eV respectively. Following 
the proceeding interpretation, these values 
would be the migration energy of interstitials 
along dislocation lines. 

Secondly, the unpinning effect (gold 
270-320'=K, aluminium I7fl-220°K) can be 
associated with the disappearance of P,, 
(aluminium) and with the first stage of anneal- 
ing of p, (gold). Thus, the clusters of inter- 
stitials which pin dislocation lines are elimi- 
nated; this annihilation can be due either 
to the migration of those defects towards 


sinks, or to the arrival of vacancy type 
defects on dislocation lines. The annealing 
of the 7*3 peak in two stages and in a large 
temperature range, allow us to think that the 
latter assumption is more probable. In the 
case of gold, the activation energy found for 
these two stages are (0'6±0' l)eV and (0-8 ± 
0-l)eV; these values agree with the hypo- 
thesis of migration of di-vacancies and single 
vacancies respectively. 

Finally, the last pinning stage can also be 
associated to the arrival of vacancy type 
defects in excess which can pin dislocation 
lines. In the case of gold, this pinning effect 
leads to the appearance of the T, peak which 
can be due to the interaction of dislocation 
lines with vacancies. 
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Ahstraet -The amplitude independent internal friction has been measiiicd in a senes of vanadium- 
hydrogen alloys ill the Icmperaluie range from 4-3 to 4.^()"K. the vibration frequencies being included 
belween 3 s 10^ - I s 1(1' Hz Experimental evidence has been obtained of an aiielastic elfecl occuring 
neai 30"K m cold worked pure vanadium; its activation energy and its frequency lactor aie O-OlIeV 
and 3 s ilE 11/, respectively The introduction of hydrogen in the prestrained material brings about 
a telaxtition effect near 303'K, which is shown to be the hydiogen cold-woik peak A third relaxation 
effect, observed in prioi annealed and then hydrogen doped vanadium, appears to be a suitable means 
foi studying the phase diagram of f'-H system. 


I.INTROnilCTION 

IiiK iNiPRNAi friction of bcc metals, chiefly 
of tiinialiim and niobium, hits been extensively 
studied ditring last years|l-3|; it has been 
found that pliistic deformation gives rise to 
several peaks in the damping versus temper- 
ature curve. It is generally agreed that these 
anelastic effects arise from lattice defects 
produced by cold- work; however, little is 
known so far about their structural ciiuscs. 

Recently, an anelastic cllect (6 peak) has 
been observed below the liquid nitrogen 
temperature in eold-worked tantalum and 
niobium and results have been presented 
which show that the so called <» peak is a 
hydrogen cold-work peak (CWP)f4]. 
These observations modify to some extent 
previous interpretations of the anelastic 
behaviour of tantalum and niobium and 
suggest the oppcMunity of extending the 
experimental work to other bcc metals. 

In this paper we present the results of an 
experimental investigation which has been 
undertaken to provide experimental evidence 
of the (( and 8 peaks in vanadium and to 
examine the effect of hydrogen impurities 
on the internal friction of this metal. 


2. EXPERIMENTAI. 

The amplitude indipendent internal friction 
(Q ') has been measured during cooling runs 
in the temperature range from 4 2 to 450°K in 
99-W per cent pure vanadium, supplied by 
Materials Rese.irch Corporation. The flexural 
vibrations of the samples, whose thermal and 
mechanical history is described in Table 1, 
were excited and detected by a well known 
eleciroslaiic technique [.* 1 . 6]; the frequencies 
covered the range from 2 x 10- to 1 x 10' Hz. 

3. RESUI, rs 

The damping of sample I after plastic 
deformation at room temperature (Table I . 
treatment (a)i is plotted as a function of 
temperature in Fig. 1, curve 1. the vibration 
frequency is 39 kHz. Three peaks can be 
observed at about I8-5°K (6 peak). 250“K 
{fi, peak) and 285°K(ft peak). As shown by 
curve 2 of Fig. I . striking effects are produced 
on the clastic energy dissipation of prestrained 
sample 1 by a hydrogen contamination 
(fable 1.' treatment (b)): it can be seen that 
while the 8 peak is removed by the hydrogen 
impurities, a well developed peak (a peak) is 
introduced near 203°K. Curve 3 of the same 
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TaMe I 


Sample 


Trealmenis undergone by the samples 


(a) Machined and permanently strained 3-3% at room temperature. 

(b) Electrolytically loaded with hydrogen: At. concentration < 0-05%. 

1 (c) Hydrogenoiitgassedandrecryslallized in vacuum (I X 10 ■' mm Hg) 

at 1 1 7()°K for about 50 hr 

(d) Klectrolytically loaded with hydrogen' At. concentration < 0 05 %. 

(a) Hydrogen outgassed and rccrystallired in vacuum II x 10 “mm Hgl 
at 1 170“K for about 25 hr. 

2 (h) Electrolytically loaded with hydrogen' At. concentration 0-27% 

(cl bleclrolylically loaded with hydrogen; At. concentration 2'.5';f’. 

(dl EIccIrolytically loaded with hydrogen At. concentration 4%. 

(cl Electi'olytically loaded with hydrogen. At. concentration 6'.59f. 

(al Hydrogen outgassed and recrystallieed in vacuum II X 10 “mm Hgl 
al 1 170” Is for about 25 hr 

,3 lb) Hectrolylically loaded with hydrogen: At concentration 0-59!'. 

I c) f.lectrolytically loaded with hydrogen. At. concentration \-27i. 

(al Permanently strained 5'.5''f al room temperalnre. 

4 ihl Machined loa loclangulai shape by cold-rolling ai loom temperature 



I'lg I. Influence of the subsequent trealmenis of Table I on the internal friction of 
.sample I. curse 1 alter cold working al room temperature; curve 2 alter a subsequent 
loading treatment with hydrogen, curve 3 after an anneal at high temperature and a 
subsequent loading treiitmenl with hydrogen. 

figure, obtained after treatments (c) and (d) of to any observable relaxation effect in prior 
.sample I . shows that a hydrogen content annealed material. 

less than 0-05 per cent does not give rise Figures 2 and 3 display the Arrhenius plots 
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of and a peaks, respectively; the high shown by Fig. 6. where the high temperature 
frequency measurements of Fig. 2 correspond part of some experimental curves is reported 
to vibration modes of plates 1 and 4, those at for several hydrogen contents, 
low frequency to flexural modes of sheet I , 

which was drawn from plate 4 by cold-rolling DISCUSSION 

at room temperature (Table 1, treatment(b)). The most important observations in the 
The measurements of Fig. 3 correspond to present investigation are: (I) cold-work 
three vibration modes of sample I after gives rise to three peaks (6, j8, and /Sj peaks) in 
hydrogen loading treatment (b) of Table the internal friction versus temperature curve 
I. T he relaxation parameters of S and « of pure vanadium; (2) hydrogen impurities, 
peaks, evaluated from the above figures, are dissolved at low atomic concentration (< 0-05 
ITfi = (0 012 ± O'OflZ) eV. = 5 x 10^ Hz: per cent) in prior strained material, induce the 
= (0 52 i 0- 10) eV. = 3 X 10'^ H/. a peak and remove the 8 one, they do not 
In Fig. 4 a comparison is made between the produce any observable effect in prior an- 
experimental curve of 8 peak corresponding nealed material; (3) a well evident asymmetric 
to an activation energy of 0 ()l2eV and the peak is induced by hydrogen impurities when 
Debye one; it can be seen that the theoretical their atomic concentration exceeds about 0-5 
curve is much narrower than the experimental per cent. 

one. showing the anelastic effect has a rather Examination of the experimental data 
wide relaxation time spectrum. indicates that the occurrence of the a peak 

T he internal friction of samples 2 and 3 needs both plastic deformation and hydrogen 
after the hydrogen doping treatments (d) impurities; this is the distinctive feature 
and (c). respectively, is shown by Fig. 5. of the high temperature cold-work peaks, thus 
An asymmetric peak is ohsei'ved. whose it can be inferred that the « peak is a C W P 
high temperature branch is even steeper than due to hydrogen. According to the atmosphere 
is expected for a single relaxation process, dragging model proposed by Schoeck to 
This abrupt rise in damping is more clearly explain the CWP[7]. the binding energy 



f ig. 4 ( ompanson belwcen Ihe e.xpcnmental curve of 5 peak coricsponding 
10 an activation energy ofO-012 eV and the Debye cui ve. 



TEMPERATURE ("K) 

Eig. .“i. Internal friction ot prior annealed and then hydrogen charged samples 2(0) and 
3(*) during cooling measurement runs The vibration frequencies are 2 0x10' Hz 
(sample 2) and 10 x 10* Hz (sample 3) 



TEMPERATURE CKI 

Fig 6. Internal friction of some V-H systems during the first 
cooling measurement run after hydrogenation. 
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between a hydrogen impurity and a 
dislocation segment can be calculated as 
a difference between the activation energy 
W'a of the o peak and the diffusion energy fV 
of hydrogen in vanadium. Assuming IV 
= 0 059eV[81 and W'„ = 0-52eV, the value 
0-46 eV is obtained for IV, „ which is somewhat 
higher than those evaluated by means of 
the same procedure for the hydrogen-dislocat- 
ion binding energy inTa, Nb[4] and Fe[9]. 

The relatively low value of ff's and and 
the essential role played by cold-work in the 
occurrence of S peak excludes that the motion 
of some impurity may be the source of this 
aneliistic effect. Any explanation of 8 peak, 
based on the stress-induced ordering of an 
isolated intrinsic point defect, meets also 
with difficulties; namely, due to the stability 
of 6 peak at room temperature, the point 
defect should be endowed with an activation 
energy for diflusion exceedingly higher than 
that for reorientation; moreover, the low 
frequency factor and the wide spectrum of 
relaxation limes could not be easily under- 


stood in terms of a stress-induced ordering 
mechanism. The influence of hydrogen on* 
the relaxation strenght seems also to rule out 
the possibility that agglomerates of intrinsic 
point defects or impurity-defect complexes 
may originate this anelastic effect. 

In the light of the above arguments the 
idea that S peak may be due to the motion 
of dislocation segments seems the most 
convincing one. On the basis of this hypoth- 
esis. the disappearance of 6 peak following 
a hydrogen doping treatment can be easily 
accounted for in terms of a dislocation pinning 
process, which is confirmed by the simoultan- 
cous appearance of the hydrogen C W P 

peak). On the other hand a wide spectrum 
of relaxation times as well as a low value 
for the frequency factor have been proved 
to be usual features of the dislocation relaxat- 
ion effects [10]. 

.Since 0, and 0., peaks appear only after 
plastic deformation, it is definite that they 
arc due to lattice defects produced by cold- 
working. Their position in the temperature 



HYDROGEN CONCETRATION (at"/a) 

Fig. 7. Comparison between our data on the pha.se diagram of V-H system and those 
reported by other investigators. 
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scale suggests, for comparison with cold- 
worked fee metals, that they may be related 
to some kind of association between dislocat- 
ions and point defects. 

The anelaslicity of prior annealed and 
then hydrogen doped vanadium as measured 
during cooling runs (Figs. .S and 6). does not 
differ significantly from that of heavily 
hydrogen loaded tantalum j II. 12] and can 
be thus interpreted in a similar way. Ac- 
cording to the ideas put forward in a previous 
woik[IIJ, the observed anelasticity arises 
from the stress-induced ordering of interstitial 
hydrogen arranged in the body centered 
tetragonal lattice of the /3 phase of V-H 
system and the abrupt rise observed in the 
curves of Fig. 6 starts at the ty ^ fi transition 
temperature. On the basis of this interpreta- 
tion the phase diagram of V-H system can be 
deduced from internal friction measurements: 
the results of the present work, together with 
those of other investigalors[13-151 are 
reported in Fig. 7. Good agreement is 
found between different measurements, which 
supports the proposed explanation of the 
anelasticity of V-H system. 

S.CDNtLtlStONS 

The results reported here show that the 
anelastic behaviour of vanadium at low 
temperatures is similar to that of tantalum 
and niobium and confirm that the fi peak is 
associated with a dislocation mechanism. 


which, perhaps, is the same as the one respon- 
sible for the Bordoni peak in cold-worked 
fee metals. The essential role played by 
hydrogen in the occurrence of the a peak 
clearly shows that this is a cold-work type 
peak. The asymmetric anelastic effect brought 
about by hydrogen impurities in fully annealed 
vanadium is satisfactorily accounted for in 
terms of a stress-induced ordering mechanism 
taking place in the phase of the V-H system. 

A(l.nini-le(lni‘nieiii.\ -We lire sinilel'Lil lii I’rofessor Niiovo 
for many iiscliil rliseiisMons iind ive much appreciate 
ihc technical iisMsliincc ofCl. I ibriiini 
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Abstract- Hipping of dislocation dipoles between two stable positions is shown to have loo high an 
aclivation energy to he associated with Bordoni peaks. 


GiLMANflJ has proposed that the thermally- 
activated flip-flopping of dislocation dipoles 
may lead to a detectable mechanical relaxa- 
tion. The mechanism was originally proposed 
for the Bordoni peak, but a recent investiga- 
tion of nickel[2,.11 revealed another peak 
(Peak T) which was shown to be much more 
likely to be a dipole peak. A similar peak has 
been reported in aluminum [4]. The principal 
evidence against the dipole mechanism for the 
Bordoni peak is the stability of the Bordoni 
peak at high temperatures. The prospect that 
Peak T is a dipole peak warrants further 
consideration of the model, which was some- 
what heuristically developed. 

The edge dislocation dipole (Fig. I) con- 
sists of two parallel edge dislocations of 



fig. I Oipole with onenlalinn junction as seen projected 
normal to the slip plane, t, and t, are unit vectors giving the 
liirbilrary) positive sense of direction of each line b, and 
bj are the coricspondmg burgers vectors. I or a dipole. 
b| = - bj when r, and I, are parallel. 

opposite sign on parallel slip planes separated 
by a distance h. There are two positions of 
stable equilibrium in which the line of centers 
is at 45° and 1 35° to the slip plane. It is pos- 
sible that the dipole can have segments of 
different orientation along its length, separ- 


ated by regions of higher energy called orienta- 
tion junctions where the dislocations cross 
over each other. An elasticity can be associ- 
ated with either the creation or the propagation 
of these orientation junctions. If a dipole has 
no orientation junction, and a reversal is to 
take place somewhere along it, then two orien- 
tation junctions of opposite sense must be 
created, one at each end of the segment with 
reversed orientation. Gilman's calculations 
are based on thermal activation of this crea- 
tion process. The propagation of the junctions 
along the dipole length may lead to a complete 
reversal, if the terminating segments are free 
to move appropriately [5, 6]. 

Orientation junction theory has. as Gilman 
pointed out, a formal similarity to the theory 
of kink generation and motion [7] which leads 
us to three considerations which he omitted. 
First, in the dipole theory, the junctions of 
the dipoles (Fig. 1) play a role analogous to 
the glide kinks which are associated with the 
transition of a dislocation line from one Peierls 
valley to another. Seen in this light, the acti- 
vation energy W, for the dipole mechanism 
and the energy for the final state are expected 
to include terms involving the orientation 
junction energy ITj analogous to the kink 
formation energy ITu.. 

Second, because the Peierls energy is still 
present, we must remember that in forming 
the junction configuration, several glide kinks 
of the same sign are necessarily involved in 
each segment (Fig. 2) so that these kink ener- 
gies must be included in the model. Indeed, 
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I ig 2. rhc posMhli: cflccts of the Pcicris energy on one 
clemeni o( im orrentalion junction I here are sevcial 
glide kinks al the hend, and the jonelion itself has fallen 
mill a Peicrls valley of anothei orienlalion 


Ihe first motion of the sejiments towards each 
other must he equivalent to doublekink 
formation. Unless the close proximity of the 
dipole elements drastically reduces the for- 
mation energy of a glide kink, it follows that 
the activation energy for dipole flipping is sub- 
stantially higher than that for double-kink 
generation, fV,,*. 

Third. Parc's |8| general comments on the 
double-kink mechanism apply equally well 
to the dipole mechanism, or any other di.s- 
loeation mechanism. Pare pointed out that 
the relaxation strength is very small unless 
the system is making transitions between 
states for which the total free energy of the 
system is the same within approximately kl . 
where A is Boltzmann’s factor and T the abso- 
lute temperature, t his equality of energies 
demands that only those dislocations subject 
to an internal stress a, > IWJblr contribute 
appreciably to the relaxation process. 

The problem, then, is to estimate W, in Ihe 
light of these general considerations. It 
.suffices to proceed by elementary methods, 
approximating the junction by straight line 
segments making an angle 1 , 1 ? with the longer 
lines. When the junction is very spread out, 
and the junction segments make only a small 
angle 2c> with each other, we may approximate 
the local interaction by using the well-known 
expressions for parallel dislocations of the 
given separation, and considering each seg- 
ment to have a line tension iD/i In 
where D = ij.bl2n( /j, is Ihe shear modu- 
lus, V Poisson’s ratio and r„ is the cutoff radius 


|9J. If the interaction between two parallel 
edges of a dipole, separated by y, is denoted by 
)T,,(y), then the interaction energy of a junc- 
tion of length L is 



and the increase in line energy is to a first 
approximation 

Dbh In j CSC If — Dbb In cote?. 
The tola) energy of the junction segment is 
Wj == Dbh In ( -] cscif 


-f Dbh cot if 


In Vl + ^-l 


.Since both terms diverge as 0, it is clear 
that there is a strong tendency for the junction 
to shorten. The other extreme case, which can 
be treated by elementary methods, is to esti- 
mate the energy when f ~ ttI2. i.e. when the 
junction consists of a length of doubled screw 
perpendicular to Ihe edge dipole. The elastic 
energy of the junction is then approximately 
( I ~i’)Dbh In (hlr,). which is smaller than the 
result obtained by extrapolation of the pre- 
vious answer to y? — nl2. These elementary 
calculations imply that the junction is rather 
sharp with Wj Dbh Int/i/r,)). 

Next, consider a dipole with a reversed seg- 
ment bounded by two orientation junctions 
of opposite sense. Assuming that the junctions 
are far enough apart that their recombination 
may be prevented by the action of internal 
stresses from other sources, then the reversed 
segment has become metastable with an 
energy 2 W, greater than the original dipole. 
The array is metastable since reversion to 
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the dipole will require either that the junctions 
he freed or that a new reversal process, tend- 
ing to return to the dipole, be started some- 
where along the reversed segment, with a 
local increase of interaction energy. If the 
reversal segment is metastable then Wf > 2W,. 
Kroupa and BrowntlOJ showed that jogs, 
and kinks, interact with energies that fall off 
ns I/;-, where r is the separation between 
them. Now the Junctions approximate to 
doubled kinks, so their interaction energy 
should also fall oft' as (1/r), v/ith a force falling 
off as l/r^ so there is some Justification for our 
assumption above about their recombination. 

Combining all the above considerations, we 
have the inequality 

iWr'- W,„ ^2W,. 

The emphatic inequality in the middle may be 
appreciated by considering the case of li - 
lOh. for which -■ 2fih''' or many electron 
volts. Bordoni peaks have activation energies 
of the order of several tenths of an electron 
volt. Further, W, depends on h, while the 
Bordoni peaks have a fairly well-defined 
activation energy. 

The dipoles seen in the electron microscope 
and discussed by Feltner[5] belong to Stages 
I and II of Work hardening with li > lOOfi. 
They arc eliminated as sources of anelasticity 
by the foregoing calculation and are also 
unsuitable for explaining phenomena associ- 
ated with Stage III. Dipoles with li < lOfe will 
be invisible in the electron microscope[l IJ 
and their behavior will be quite different 
because of core-overlap effects. 

It does not seem possible that the edge 
dipole mechanism can give rise to relaxations 
observed at small oscillatory stresses, such 
as the Bordoni peak. This conclusion is re- 
inforced by Fare's point: the internal stress 


necessary for appreciable relaxation strength 
is fL\n(hlru)l7T{\ -v) which turns out to be 
of the order of, or greater than, the yield 
strength for hjh < 10''. Further, this condition 
is strongei when the junction energy, i.e. h, 
is lower. Targe oscillatory stresses, as dis- 
cussed by Feltner[.Sl, are a different matter 
and the pre.sent considerations do not affect 
his discussion. 

There is also the possibility than anelasti- 
city is associated with the propagation of 
existing orientation junctions (see discussion 
to Ref. [I|). The high values calculated for 
Wj make it unlikely that a sufficient number 
of junctions exist in thermal equilibrium to 
be important, but if they exist. Fig. 2 shows 
that there may be Feieiis stress resistance to 
the motion. If the Peierls stress, is sensitive 
to the normal stress|12|. it is possible that 
modified Peierls stresses in dipoles, oi other 
special dislocation arrangements, may give 
rise to modified Bordoni peaks. 

/t(t/imi’/<'<yf;<'"K'«(-This woik was supported in part by 
Ihe Olticc of Nav.il Rescaith 
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INTERNAL FRICTION AND ULTRASONIC YIELD 
STRESS OF THE ALLOY 90 Ti 6 Al 4 V 

WARREN P. MASON* and JERZV WEHRt 

Department of C ivil Fngineeringand Engineering Mechanics, Columbia University, 

New York,N.Y, UK)27,U S.A 

( Pecewed ^ Seplrnihtr 1 9ft9) 

Absiract-Thc alloy 90 1 1 6 Al 4 V is used as a mechanical transformer to produce high strains in 
metiil samples. The internal friction, modulus defect and limiting stable strain amplitudes have been 
studied ovei wide frequency and temperature ranges. I he inteinal friction Q ' of annealed samples 
has the low value of .‘i X 10 which is independent of the frequency and decreases only slightly at high 
tempcrtiture I he result is consistent with a model in which the energy loss is produced by a non-linear 
motion across the Pcierls kink harrier The value lound for the ratio of the internal friction to the 
modulus change is 0 0.3 which is intermediate between two theoretical calculations. 

I his material becomes unstable at sliams from 3 to .5 X 10 tvidence is presented which shows 
that this is a malenal with a Cottrell type pinning with pinning points on the average about 1 Burgers 
distiuiccs ,ipail Assuming that on the average one kink occurs between each pinningpoml.themodiilns 
detect IS consistent with about 10"’ disIrKalions per cm- fhe frequency and icmpcratiire varialions 
are consistent with this model. 


I. INTRODUCTION 

'I'iiF. ALLOY 90 Ti 6 Al 4 V has been suggested 
for use in the supersonic plane. It also has 
been used as a mechanical transformer! 1) for 
increasing the strain in a sample whose high 
amplitude and fatigue properties are to be 
studied, ffcnce it is important to determine 
its internal friction and modulus defect at 
both low amplitude and high amplitude vibra- 
tion levels. 

I he internal friction al low timpliludcs has 
been found to be independent of the frequency 
from 17 KHz to 10 MHz, and to be indepen- 
dent of the temperature (within about .30 per 
cent) from 4-2° up lo 600°K. An impurity 
type peak is observed which peaks at 1 80°K 
for 10 MHz but after this effect is removed, 
the background internal friction is independent 
of the temperature. By annealing strained 
samples and straining annealed samples it is 
shown that this background internal friction 
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is due lo dislocations, fhe results obtained 
are in agreement with a 'low frequency' internal 
friction model [2] for which the damping results 
from the lattice vibrations generated when the 
kink crosses the kink Peierfs harrier, fheoret- 
ical studic' [3.4| have shown that this energy 
loss requires a dissipative stress t,i„ equal to 
from 0-01 to 0-1 of the kink stressor,,, to replace 
this energy lost to the lattice vibrations. This 
ratio p can be measured by determining the 
ratio of the internal friction change A(7 ‘ to 
the modulus defect change determined when a 
strained sample is annealed. This value wav 
found lo be about 0 03 in agreement with Ihe 
results in copper. 

High amplitude measurements show that 
the internal friction is constant up to longitu- 
dinal strains of 4x10 '. This is about half the 
static strain. The variation of the static stress 
with temperature indicates that the alloy is a 
material with Cottrell type pinning with pins 
on the average separated by about three times 
the Burger',s distance h which is 2-95 x lO"" 
ems for titanium. Assuming one kink on the 
average for each pinned loop, the internal 
friction and the modulus defect are consistent 
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with a dislocation density of about 10"’ dis- 
location density of about 10'“ dislocations per 
cm'^. 

2, EXPERIMENTAL RESULTS FOR HIGH 
AMPLITUDE EFFECTS 

The low frequency measurements ( 1 7 KHz) 
were performed using a transducer and trans- 
former system described previously [1]. 
Since the system, the shape of the specimen 
and the method of calibration have been 
described previously, the reader is referred to 
this puhlicationtl], An evacuated container 
is used to eliminate the radiation resistance. 
The modulus change in the sample alone can 
be obtained by multiplying 2Ay//by the ratio 
(M(i + Ms)/M|| where Mh is the effective mass 
of the transducer and transformer and Ms the 
mass of the sample; A/ is the change in fre- 
quency and / the frequency of the sample and 
system. 

The internal friction and modulus change for 
a typical sample of the alloy are shown by 
Fig. I. Instability sets in at maximum strain 
levels which may vary from 7 x lO to 5 X 


10'", The instability is accompanied by a 
sharp rise in the internal friction Q~‘ and by 
the modulus defect ASIS. After this happens 
the modulus defect has increased by about 
three per cent and the internal friction increases 
by nearly a factor of 10. Furthermore the 
critical longitudinal stress is reduced by over 
a factor of 10. It appears that this behavior is 
connected with the presence of long disloca- 
tion loops which are not repinned at room 
temperature. Specimens annealed in a vacuum 
at 7.S0“C for I hr are sometimes returned to a 
normal condition but not always. The presence 
of long dislocation loops is confirmed by the 
non-linearity of the pick-up voltage as a 
function of the frequency, as shown by Fig. 2. 
Instead of a symmetrical response about a 
resonant frequency, the pick-up voltage builds 
up to a maximum as the frequency is reduced, 
after which it discontinuously drops to a low 
value. On the increasing cycle the response 
remains low for 34 cycles above the discon- 
tinuous decrease frequency after which it 
discontinuously increases to the value of the 
decreasing curve. This type of performance is 



Fig. I . Typical internal tnclnin and modulus defect for an annealed sample of the alloy 90 Ti 6 Al 4 V. 
Dashed line shows the result obtained after the sample has become unstable. 
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Frequency in Hert^ 

I'H! 2 Hick-up vollagc plcrtlccl againsi ihc frequency lur an iinslahic sample neai its cnlical 
point I his lesiilt is indicative of a non-liiicar soft spring chanictcnstic 


characterislic of a non-linear spring which is 
soficr a! high amplitudes. This performance is 
in agreement with the existence of long dis- 
location loops which bow out and become less 
stiff as their displacement increases. 

It appears that in the annealed slate the 
dislocations are closely pinned in an atmos- 
phere approximating a Cottrell type pinning 
[.S], This is shown by the yield stress curve for 
static stresses. Fig. 3. plotted as a function of 
the temperature. According to the Cottrell 
atmosphere concept the concentration along 
the dislocation is given by 

yd ur (I) 

where c is the concentration along the disloca- 
tion, t(, the density of the impurities in the 
body of the material, U the binding energy to 
the impurity, A Boll/manns constant and T the 
absolute temperature. If we apply this concept 
to the data of Fig. 3, we find that U is about 
0-5 eV and the average separation between 
pinning points is 10' 'cm or about 3 Burgers 
distances. From internal friction measure- 
ments it appears that on the average there is 
one kink between each pinning point. 


Measurements were made of the ultrasonic 
yield stress us a function of the temperature. 
While the scatter is quite large, it appears that 
the ultrasonic yield stress is about half the 
static yield stress. Similar results arc found 
for other metals [6]. This may be caused by 
the change in the positions of the pinning 
points with ultrasonic stress as suggested by 
Alcfcldf?]. 

3. INTERNAL FRICTION MEASUREMENTS 
Another important property of the alloy is 
its internal friction. This is connected with the 
motion of dislocations. Phis can be verified 
by annealing and straining experiments. When 
the sample is initially formed by the turning 
process its Q is lower and its frequency lower 
than found after being annealed for one hour 
at 760X . Table 1 shows the resonance fre- 
quency and Q in the as formed condition and 
in the heat treated condition. The Q increases 
and the resonant frequency increases. If we 
take the average of the increase in Q \ i.e. 

and the average increase in the modulus 
change ^S|S the ratio is about 0-03 as shown 
by the last column. Similarly for a strain of 
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2 per cent, ihe internal I'rielion inercascs to 
about 5 X 10 ' and the frequency drops by 160 
cycles. Both of these experiments are indica- 
tive of a dislocation background. 

Since the average pinning length is very 
small any dislocation dissipation due to a 
damping proportional to the dislocation velo- 


city is negligible and all the damping must be 
due to the ‘low frequency’ component di,s- 
cusscd in the next section. Since any other type 
of damping is negligible, this material provides 
an opportunity for evaluating the frequency 
and temperature variation of this ‘low fre- 
quency’ type of damping. Measurements were 
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made on a number of unannealed samples 
with the result shown by Fig. 4. In order to 
cover a wide frequency range some shear wave 
measurements were made at 10 MHz. This 
raises the question of whether some of the 
attenuation was due to scattering losses from 
the polycrystalline grain structure of the 
material. This alloy has a fine grain structure 
with grains from 10"' to I0“^cm. Measure- 
ments were made over a frequency range and 
it was found that gram scattering effects did 
not produce an appreciable loss until a fre- 
quency of 30 MHz. Hence the values meas- 
ured at 10 MHz are due to dislocations. Since 
the internal friction scatters over a range, it 
appears probable that the values are substan- 
tially independent of the frequency as shown 
by Fig. 4. Lower values still can be obtained 
by annealing the materials. 

Measurements were then made to evaluate 
the internal friction as a function of the temp- 
erature. Since the pulsed 10 MHz system can 
be taken down to liquid helium temperature. 


measurements were made on two samples as 
shown by Fig. 5. Both samples showed an 
impurity type peak occurring at about 1 80°K. 
This did not appear to be due to dislocations 
since straining the sample changed the dislo- 
cation background but did not change the 
difference of the peak height from the back- 
ground. If we analyze the peak as a single 
relaxation process, as shown by Fig. 6, it 
appears to be somewhat broader than a single 
relaxation and with an average relaxation 
energy of about 01 eV. If we subtract out the 
peak, the dislocation loss appears to be inde- 
pendent of the temperature. 

Since it was not possible to go higher in 
temperature with this arrangement, measure- 
ments were made with the transducer trans- 
former arrangement, using a furnace around 
the specimen with the combination mounted 
in an evacuated chamber. A number of differ- 
ent samples were taken up to 500°K with 
similar results. When a sample was taken up to 
600°K an apparent increase seems to occur 
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Fig, 4, Inlernul lnction foi unanncaled samples as a function ol the fiequency Measurements up to 
70 kHz were made with longitiidmai vibrations. Mcasurcmenls at 10 MHz were made by a pulsing 

method using shear waves. 
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Fig 6 Analysis of impurily peak in lerm.s of a single activalion energy. After subtracting this 
loss the dislocation component is independent of the temperature. 
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which may be connected with a partial un- 
pinning. Hence up to 500°K there is a decrease 
in the internal friction of about 20 per cent. 
Figure 7 shows the measured variation of the 
internal friction with temperature for two well 
annealed samples. 

“I. I’HEORETICAL INTERPRETA ITON 
The internal friction due to a drag coefficient 
proportional to the velocity has been worked 
out by Oen, Holmes, and Robinson. For a 
single loop length as would be consistent with 
the present case, the internal friction from this 
source will not he more than 

Q ' = 6 X lO'** (2) 

which is negligable compared to the measured 
value of l-.'ix 10^'. Hence another source of 
dissipation must be invoked which produi 's 
an internal friction independent of the fre- 
quency and nearly independent of the temper- 
ature. 

Such a source of internal friction has been 
discussed previously |2| and has been applied 
to explaining the low frequency component 
for metals and for the earth's vibrations which 


also indicate a constant Q independent of the 
frequency. This source of dissipation is con- 
nected with the motion of dislocation kinks 
over Peierls-type kink barriers. This motion 
occurs non-linearly and results in the genera- 
tion of lattice vibrations which abstract energy 
from the motion. For the present case with a 
single kink between pinning points the model 
is shown by Fig. 8. Here the kink occupies 
one minimum energy position and to move to 
the next energy minimum it has to cross the 
kink barrier of height IF. According to calcula- 
tions given by Seeger and Schiller|9J, the 
energy W and the kink stress tr*. required to 
take the kink across the barrier are given by 


W 






192 


\I -|-P/ M' \U / ‘ 


M (3) 


where u is the Poisson's ratio, if is the kink 
width, the Peierls stress and ix the shearing 
modulus. For reasonable values of bjw = 1 
and 'S 10 -r it appears that m*. will not 
be more than 10"d/cm' and IF « .SXIO'"* 
ergs = 4T X 10'^ cV. This is a low enough 
energy so that it will not afl'eci the internal 
friction down to 4“K. 



I-ig, 7. Internal friction at 17-6 kHzas a function of the temperature 



W P. MASON andJ WEHR 





? It 





distance - ^ 


(ft) 

I ig S l)isl(Miti(in kinks and kitik energy barrieis Dashed 
lines show the elleel <il an applied shearing stress r 

For sirt'sses less than the kink stress <r,.. it 
requires thertiial energy to take the kink across 
Ihe kink btitrier. As shown by Fig. H(b) the 
efi'cet ol' a shearing stress t is to lower one 
baiTicr by ;in amount Toh'-ll. where a is the 
height of the kink, and to raise the other bar- 
rier by the same amount. If this is the only 
stress iipplied. it is well known from reaction 
rate theory that Ihe net rate of jumps per 
second is 



it over the next barrier, etc. However Weiner 
[3] and Atkinson and Cabreral4] have shown, 
using a Frenkel- Kontorowa model, that it 
takes a dynamic Peierls stress of from 0-01 
to 0- 1 of the Peierls stress to keep the disloca- 
tion moving after it first crosses the barrier. 
Fhis stress is necessary to replace the energy 
lost to mechanical lattice vibrations generated 
when the dislocation moves ticross the 
barrier. While the calculation is for a straight 
dislocation, it has generally been considered 
19] that it applies to a kink also. 

When the dislocation is pinned and interacts 
with adjacent kinks, the energy acquired from 
the negative slope of the barrier is stored in 
stretching the dislocation in a string model or 
in pushing the kinks closer together in the 
kink model. In either case the energy stored is 

E = ncri,ah’’l2 (.k) 

while the energy dissipated is 

AIF = in,ii,iih-l2 = n^(Ti,cib‘t2 (6) 

where ji is the ratio of t,i,i to cr^. and n is the 

number of kink displacements. Hence for the 
dislocation system alone the internal frietion 
Q which is by definition I he ratio of the 
energy dissipated to the energy stored, is 

Q ' = fi- (7) 

For the complete system we have to consid- 
er the energy stored in the elastic part of the 
crystal and for this case 


since It can he shown that 7tth'i2kT is much 
less than unity even for low temperatures. 
01 ,, -- Itt times the frequency of the kink in the 
potential well. This is usually taken to be lO'-' 
Hy 

When the kink has crossed the barrier it 
acquires an energy (rk(ih'l2 from the negative 
slope of the potential barrier, if the kink had 
no interaction with adjacent kinks or pinning 
points and did not generate any lattice vibra- 
tions, this energy would be .sufficient to carry 



where AS is the stiifness change for any mode 
such as the longitudinal mode used. From the 
measurements of Table 1 , it is found that /3 - 
0-03 which is intermediate to the two theoreti- 
cal values. Since the number n of kink jumps 
is proportional to the applied stress and is 
equal to the total number when t = <Tk. then 
we have the relation 
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n = Tn,J(Ti, . (9) 

Some idea of the number of kinks moving can 
he obtained from the following calculation. 
I he total shearing strain in the material is the 
sum of the elastic strain plus the plastic strain 
or 

-S' = -V'' + -S'' - -S'- + nsh = -.S'- + ncih- (10) 

where ii is Ihe number of kinks displaced and 
v their areti equal to ah. But from Equation 
(9) this can be written 

+ (II) 

(’’I. 

dividing through by the shearing stress t and 
eolleeting terms 

, I -> ) 

IX /i' (Tk 

We found that <r/, may he in the order of 10" 
d/em' and pi' = 4 X 10" d/e'in-': /i = 3xl0" 
and (I IS in the same order. For the turned 
sample A.V/.S = 2 x |0 -. Hence we have 

2X K) •'-n„X4()(K)x27x K) 
or 

/!„ = l-S.'^x 10". (1.3) 

If there is on the average of one kink between 
each pinning point and Ihe scpartition between 
points IS 10 'cm then the number of disloca- 
tions for the strained sample IS about l ■5x 10'". 


For the annealed sample this might drop to 
l-Sx 10". which appears to be a reasonable 
value. 

The frequency and temperature variations 
of the internal friction at low strain amplitudes 
are also in agreement with this model. Since 
Ihe energy loss is proportional to the number 
of kink displacements and for a given strain 
the number of kink displacements is a con- 
stant, the energy loss is proportional to the 
frequency and the internal friction Q ' is 
independent of the frequency, The energy loss 
is proportional to the height of the kink barrier 
and this should be constant up to higher 
temperatures when the height may drop some- 
what. This is in agreement with the curves of 
Figs, h and 7. 
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INTERNAL FRICTION IN WHISKERS AND 
THIN FILMS 

V. S. POSTNIKOV, S. AMMER, B. M. DARINSKY, I. V. ZOLOTUKHIN and 
A. T. KOSII.OV 

Viirone/h Polytechnic Institute. Vorenc/h. U.S S R 
{Rn i'tvedi SepU'miwr 1969) 

Abstract— rechniques have been developed (torsional oscillations, e - cps; flexural oscillations, 
r - kc/s) and mcasurentenls of the low-frequency internal friction of strained and annealed metal 
whiskers and thin films were made in the temperature range from 20 to I l>00“C 
A dissipation mechanism taking account of aftereffcel is suggested and the value of internal friction 
calculated. The expression obtained for Q ' is used for determining the length ot the dislocation 
segments which teai away from the pinning points in the process of recovery. The theory suggested 


IS in qualitative agreement with the experiment- 

It is wkll known that whiskers and parti- 
cularly thin films are widely applied in modern 
technology. This is primarily caused by the 
fact that the application of whiskers and film 
materials opens the way to designing different 
miniature devices and also by the fact that 
their properties can differ significantly from 
those of bulk materials. The latter opens 
new interesting possibilities for practice. 

In addition to this, whiskers and thin films 
are unique objects for studying the most 
important problems of solid state physics 
including the problems of micromechanics 
of defects. 

The purpose of the present study was to 
bring to light the peculiarities of low-frequency 
internal friction in metallic microobjects and 
to give their possible interpretation in the 
framework of existing solid state physical 
concepts. 

We studied whiskers and thin films of 
copper. Whiskers were grown by the hydrogen 
reduction of the halide CuCI at about 570°C 
(according to the Brenner technique). The 
length of the whisker was up to 20 mm. the 
diameter up to 5-70 p., the growth orientation 
-[111] or [100]. or [110]. The length of the 
whiskers under study was 5-7 mm, the 
diameter 5-20/11. 


The technique used in our work alloweii us to ninke 
a detailed study of intcrntil friction, strain and aftereffect 
of whiskers wilhin the temperature range from room 
temperature up to lOOD'C All the experiments were 
made in 10 'torr vacuum created by a standard vacuum 
evaporation installation. The measuring setup, mounted 
under a glass envelope of the vacuum installation, was a 
low-frequency torsion mtcropendiilum (tig. 1 1 consisting 
of a '/-shaped suspension (I) and a inicromiiTor (21. 
Iron filings were cemented at the ends of the suspension. 
The weight of the suspension was noi more than 1-2 mg. 
The axial load on the sample did not exceed lOOg/mm' 
The maximum relative strain amplitude throughout the 
internal friction CJ'' measurement was not more than 
to '. The measurement error at a low loss level (G ' < 
10"'’) did not exceed 2-5 per cent, or 10-15 per cent at a 
high loss level The whisker was strained by rotation 
around the vertical axis of a thermocouple (radius 0 I mm) 
to which joint the whisker was attached. The lower end 
of the whisker remained motionless since the suspension 
was fixed by a limiting fork 112). The limiting fork was 
placed on one axis of a galvanometer 1 13) and had a ngid 
connection with it. The torque applied to the galvanometer 
frame on the side of the twisted whisker was compensated 
by the flow of current through the frame, the amount of 
current being proportional to the moment M Knowing 
the moment one can calculate the maximum tangential 
stress T„,,„ from the relation M - t where r„ is 
the radius of the whisker, and hence the average stress 
T„,j. It is easy to calculate the volume averaged mean 
strain, which is expressed in terms of the length L. the 
diameter 2r„ and the angle of twist »„ 

2g||fi, \ 

^mlrt j 

In the process of heating, the recovery (untwisting) of 
the whisker was displuyed on a strip chart recorder (17). 
hor Ihis purpose the tight ray reflection of the micro- 
mirror was kept motionless and the unlwistii^ of the 
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f ig, I t (liagniin dI ihc Jdsl.ilhition foi siiulying 

'iliain, u'cit\i.'j\ .mil inlciiiiil Inclmn ol whiskers (l» 
V-shapial siisi'cnsum. (2l miciomiirui. l3) whisker. 
(4) ihciimwiuiiils. i‘') brushes. lh| rings, (7) porcnliom- 
clei, (k| fiiiriiU-e, (9| cleclromugnels. (101 scale, (III 
illiimiii.iUM (121 liiiiiliiig lork. ( 1 1| g.ilvanomelei IVanic, 
IM) itiiLiomiMoi il.'il iheosliii. (16) leOuetoi. 1171 
puleiilKinielei. (IXi elecinc molor. (lOi cimliol cueiiil, 
(2(11 vekicily pickup. (2 1 1 vclucily inelei 

whiskei was conipeusiued b> the rutatioit oClhe theinio- 
ciiuplc uiul a rheristiit illl cimnecletl Ur il. (he voltage 
lioiti the b.illcry being applied to the rheoMat, The voltage 
u l.iken oil I'lom the sliding conlaels of the rhcrrslat was 
legisleied bv the recorder la -/(#)) Thus it wiis 
possible to lecoid autoiTiatically the whisker twisting 
cuives (strain) and untwisiing curves (recovery) 

The study ol' the whiskei structure before and after 
stiain and also after lecoveiy w-as carried out melallo- 
giaphically and loentgenographieally II aiic photographs 
wcic taken). The whi.sker strain was evidenced by the 
dilTuseness of 1 aue spots and the lecovery-by their 
reslor.ition(by residual asteiism). 

I he internal friction ol thin metallic films was studied 
on an iiislallalioii. the block diagram of which is given 
III I ig. 2. A metallic film (I) 1-2 yr thick is cemented to 
a theiniocotipic (2) and placed at a distance of about 
I mm from the fixed electrode of an ultra-short wave 
geneiatoi of frequeney-modulated signals (3). The sample 
IS excited electrostatically from an audio generator (4) 
ihiough a thermocouple which must be isolated from the 
ground I he resonant frequency of sample vibrations is 
equal to double the audio generator frequency. The 
ultra-short wave generator of frequency-modulated 
signals IS a capacitive three-point circuit svith an operat- 
ing frequeney of 1 2(1 Me/s Frequency -modulated 
vibrations of the generator (3) are received by the 
antenna of a frequency modulation meter (5). From the 


Fig. 2 Hloek diagram of the mslallalion for measuring 
inieiiial liieiion in thin films. (I) sample Ifilm), (2) 
Ihermoconple. I3) high I'lcquency generator. (4) audio 
generator. (.S) trcqiiency modulation meter; 16) JiH'crenlial 
disci miinalor. (7) pulse eoimtei; |8) oscillogiaph. (9) 
healer 

meter mitpiit, the modulating vibrations of the film are 
applied to a dilfeiential discriminator 16) which singles 
out aiicntiating vibrations between the two given ainpli- 
tilde levels and forms voltage pulses which are then 
applied to a counter (7) The pulse shape from the 
frequency modulation meter output is controlled by an 
electron oscillogiaph (S). fhe generator (3) enclosed into 
a case together with a pickup is placed into a vacuum 
chamber. The film is healed by an electric furnace 19) 
The internal friction measurement error docs not exceed 
I per cent at room Icmperaliirc and 3 per cent at high 
temperatures The natural frequency of film transverse 
vibrations was varied from 140 to 1000 c/s by the 
variation of the film length. Fhe relative strain amplitude 
Ihroiighoiil the (7 ' measurement was 10 Copper 
films were obtained by condensation m 5 10 '■ torr 
vacuum. In order to gel grains of different si/te the 
substrate temperature was varied from room temperature 
to 2-'in"C. Mica was used as a substrate The film structure 
was observed in an electron microscope after decreasing 
the film thickness electrolytically. 

The re.sults of the study of Q~'{T) of 
whiskers deformed in tension (l.S per cent) 
and of copper thin films deformed by trans- 
verse compression (1.S per cent) are shown 
in Fig. 3. It can be seen that the 'temperature 
spectrum’ of whiskers and that of thin films 
are identical, though the general level of 
internal friction of thin films is much higher. 
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Fii!. T rcniper<iliirc dcpcnilL-ncc of mlcrnal Inclion ll-M .md of 
dislociilion rctoveiy (0) of whiskers and thin lilnis of coppei 
( 1 1 wliiskci siramed in tension hy I ^ per cent, (2l whisker siriiincd 
by twistint! (0 htr); (F) whisker after annealing at tFIIT and full 
tccovery of its initial shape; (41 thm film alter eompiessioti hy IS 
pel eent, (5l thin lilni after annealing at KOtl'C ; (h) reeovery of the 
copper whisker shape 


Figure 4 shows temperature dependence 
of polycrystalline film internal friction 
(curves 1. 2) compared with Q '(7) of a 
single crystal film and of bulk copper samples. 
A bend on curve I in the region of 18()T is 
undoubtedly related to the polycrystalline 
nature of the film. If we subtract (he back- 
ground from curve I we shall obtain a rather 
high but very broad 'grainboundary' maximum. 
The peak is shifted to lower lemperature region 
and its height is a factor of 1-5-2 less than that 
of the grain boundary maximum of Q '(7) 
of bulk copper samples {99-992 percent pure). 
The activation energy calculated by means of 
the peak shift as the vibration frequency of 
thin films is varied from 220 to lOOO c/s is 
equal to T3±0-leV. The activation energy 
of the Q~'{T} grain boundary maximum in 
bulk copper samples is known to be within 
the limits of I-4-l-.55eV, (see, for example, 
[1,2|), and the self-diffusion activation 
energy at temperatures 550-850°C is 2-03 eV 
(3|. Thus it may be concluded from the study 
of thin polycrystalline films that the movement 
of defects along the intercrystalline boundary 
is responsible for grain boundary internal 
friction. Electron microscopy of copper films 


(curve 1) shows that they have small-grain 
structure (the size of the grain is of the 
order of 0- 1 ^), considerable disorientation 
of grains, and contain many stacking faults 
and dislocations. Curve 2 corresponus lo 

Q-to 
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Fig 4 I emperiiliiie dependence of Lvippci film internal 
friction (|<u/277| FOO c/si. (1.2) pulycryMallinc filniN-, 
t.F) Mnglc crystal film, |4| (J '(fl peak, background (.S) 
siibtiiicted. (fl) bulk copper samples (99-9V2 per cent). 
Lor cuive (6). the abscissa should be read as °(' Fre- 
quency ~ 1 c/s. 
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films containing larger crystals (4-5 ;a) with 
preferential disorientation by angles not more 
than 12°, 

As far as there is no generally accepted 
model of high-angle crystal boundaries there 
is no possibility to estimate theoretically 
the contribution to the total level of internal 
friction given by the mechanism of diffusion 
in the stress field of point defects at these 
boundaries. 

The presented experimental material 
supports the conclusion that the high tempera- 
ture internal friction background of single 
crystal films is far lower and of polycrystalline 
films somewhat higher than that of bulk 
copper samples. 

A pronounced feature of a whisker is the 
recovery of the shape of the plastically 
strained crystal during its heating up to high 
temperatures. Bulk crystals do not exhibit 
such a feature. A typical recovery curve of 
a copper whisker is given in fig. The 
character of the recovery depends on the 
degree of prestrain determined by the angle 
of twist e,i. the diameter and length of the 
sample, and also on the direction of the 
growth axis. An increase of fl,, shifts the region 
of maximum recovery rate towards higher 
temperatures, Unlike other orientations, 
whiskers with the growth direction [100) 
even at small 0,, do not recover their original 
shape at all or they do it only at high tem- 
peratures. The recovery of copper whiskers 
has three stages (see curve 6 in Fig. 3). It 
means that all the processes controlling the 
recovery of the shape are thermally activated 
and have different activation energies. 

Figure 3 shows that curves 1,4 of pre- 
strained whiskers and thin films have peaks 
corresponding to the three recovery stages. 

The activation energy of the first recovery 
stage was about 0-9 eV. We can assume 
that the mechanism responsible for the 
first recovery stage and the first maximum 
of internal friction is displacement of jogs 
on screw dislocations emitting vacancies, 
it should be noted that an analogous mechan- 


ism was proposed by Seeger to explain the 
plastic deformation of copper in the same 
temperature range. 

In order to explain the second peak and the 
second recovery stage we suggest that the 
principal process responsible for these 
phenomena is a thermally activated cutting 
through of intersections of screw dislocations 
moving in different systems of glide. The 
latter are formed in whiskers in the process of 
their twisting. 

The process governing the third recovery 
stage and the formation of the Q~'{T) high 
temperature peak is, in our opinion, a non- 
conservative creep of edge dislocations. The 
polygonization of this stage confirms it. 

From the above assumptions we can write 
the kinetic equation for the whisker recovery 
process at any of the mentioned stages 

€ = -/<(«) exp (I) 

where t = WlO„)(rJl.} is the whisker unelastic 
strain; A{() and u are the frequency factor 
and activation energy, respectively. 

.Superposition of external stresses 

r = Til exp {iwt) 

throughout the internal friction measurement 
makes the activation energy a function of time 
as well 

w(t) = (/(el-UT (2) 

where v is an activation volume. 

For sufficiently small to, equation (1) may 
be written in the form 

e=-/4(e„)e (3) 

We shall have the solution of equation (3) as 
a sum 


e = Co + 8c- 
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Here is the aftereffect strain in the absence 
of external cyclic stresses satisfying the 
equation 



Time-dependent addition Se results from the 
consideration of the influence of external 
stresses on the process of aftereffect. While 
obtaining 8e we shall take into account the 
fad that ihc period of the sample vibration 
IttIu is far less than the characteristic time 
of the untwisting stage t = I^TIT, where AT is 
the width of the stage, f is the rate of heating. 
This relationship holds at the rates of healing 
used in the experiment. 

Substituting € = «,|-|-S€ into equation 0) 
and taking into account the above mentioned 
considerations we obtain 

In order to find Q~' we shall divide the 
imaginary part of the strain St by the real 
part t' = rJti. As a result, we have 

= ( 6 ) 

(I) . kl 

where fi is the shear modulus. The latter 
equation shows that Q ' is proportional to t, 
which was supported by the experiment. 

Having obtained experimentally the value 
of Q ' and the aftereffect strain rate, one can 
calculate the value of the activation volume 


fi.t 

For the initial part of the second recovery 
stage at 700°K Q ' = 16 . lO"''; e = 0-5 . 
sec w = 25 deg/sec. Substituting them into 
formula (7), we shall obtain the activation 
volume 

v = dhl=4A0''Km\ 


Knowing v. we can estimate the length I of 
the dislocation segments giving the principal 
contribution to Q We assume [4] that the 
energy barrier width is of the same order as 
that of the stacking fault d (for screw dis- 
locations in copper d = 5h}. Then / = I O^h. 

Analysis of our Laue photographs shows 
the existence of separate fragments arising 
as a result of the shear along the slip planes. 
The shear may be due to generation on a 
whisker surface of screw dislocations with 
Burgers vectors normal to the sample axis 
and making small angles with it, and to their 
motion towards the crystal axis. 

We assume that in crystal twisting screw 
dislocations move from the lateral surface 
a distance equal to the whisker radius r„. Then 
the angle S6 of the turn of the lower whisker 
base when one dislocation passes through is 
given by 



For the number of dislocations m ensuring the 
turn of the sample by the angle tt, we have 

... wru 

Then the average length of the dislocation 
segments is 



Assuming the length of the sample to be 
1 mm, we shall find / s 2 . lO'fe, which 
coincides in the order of magnitude with the 
segment length estimated by means of the 
above formula (4). This coincidence may 
serve the basis for the statement that the 
mechanisms of the recovery of the shape and 
of internal friction at the second stage are 
associated with the cutting through of 
intersections of screw dislocations moving 
in different systems of glide. 
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The elementary mechanism of recovery 
and internal friction examined here may be 
made more complicated by the variety of 
types of intersections of both screw and edge 
dislocations, of the possible variants of their 
coming out to the surface, by dislocation 
reactions etc. 
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DISLOCATION DAMPING IN COPPER SINGLE 
CRYSTALS OF CONTROLLED SUBSTRUCTURE' 

H. AKITA' and N. K. KIOHK 

llepartmeni of Metalluigical Kngincciingaiid Materials Science. University nf 
Nntrc Dante. Notre D.iiiie. Indiana 4fi55(>, D S A. 

\H(‘i rnTil S Si'pli’mh/T I9<i9. in rot'ised loriii 20 (>i lohri 1 9141) 

Abstract- Ihc dislocation siihstriicliire of (1 1 1) (’ll smglc crystals has been conliollcd by varying 
cryslal solidilicalion talcs belwcen 1 -.57- 109 cm/hr Picli pilling and \-ray dillraclion show lhal the 
landoni oi intei-cell dislocation network is independent ofgiovi'th rale and equal to Is IC'cm ■ 
wlieieas the dislocation cell si/c and intra-ccll misoiicntalion increase with decreasing growth rates. 

Kesonance hai d.imping measnrenienis at a fundamental Ircqiicncy ol 2^ kH/ and ultrasonic pulse 
echo nie.isiircmeiils at 5-75 MHy show lhal ihc exact form of ihc damping vs frcqiiency oi damping 
vs. amplitude behavior of the crystals is a function of cell si/e. and in gcneial. damping inci cases with 
incieasmg cell si/e I hey also suggest lhal damping lioni dislocaliinis in cell boundaries may over- 
shadow lhal I'lom I aiidorn dislocations 


1. INTROIHK TION 

SiNCL tiisloculion damping is so structure sen- 
sitive, the magnitude of the damping loss 
depends not only upon the number of mobile 
dislocations in a vibrating sample, but upon 
their spatial distribution as well. This fact is 
neglected in typical dislocation damping 
experiments, in which the damping is cor- 
related with total dislocation density as deter- 
mined hy etch-pit count, or else the role of 
substructure ts neglected altogether. ITirther, 
with few exceplions[ll the typical damping 
experiment is carried out with a single internal 
friction measurement technique and is thereby 
confined to a restricted range of frequency, 
amplitude, and other pertinent variables. 

These two factors cause ditliculty when 
attempts are made to describe the general 
chaiacleristics of dislocation damping, be- 
cause collections of data represent experi- 
ments made with a variety of techniques on 
specimens of unknown and, most probably, 
differing dislocation substructure. The experi- 
ments dtscussed in this paper have been csin- 


’'Submiltcil in partial fultiilmenl nl the rcquirc'm:uls 
for the degree uf Doctor of Philosophy in the above 
department 


ducted on (111) (.'u single crystals whose 
substructure is systematically vaiied by 
control of crystal growth conditions and 
then specified by etch-pit and X-ray diffrac- 
tion measurements. The damping of these 
crystals of known substructure is determined 
over a large range of frequency and amplitude 
with the resonance bar and pulse-echo mea- 
surcmeiils. It is hoped that the measurements 
in crystals of controlled substructure by two 
internal friction techniques will provide data 
which reflect general trends m the dislocation 
damping behavior of crystals. 

2. KXl’KKIMKM \1- 

Cry.sUil i;nm i/i 

The {Ml) Cu crystals are grown in AUC 
high purity graphite split molds from 99-999+ 
per cent pure Cu (American .Smelting and 
Refining ('ompany). fhey are in the torm of 
right circular eylinders I cm in dia. by l.s cm 
in length. 

The mold rests on it water-cooled pedestal 
enclosed in a mullite tube evacuated to 10 ' 
torr. The siibstruc'iire is controlled by con- 
trol of solidficiition rale. i.e. by control of the 
rate at which a K.anthal-wound resistance fur- 
nace is raised parallel to the crystal axis. 
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Solidification rates vary from 1 -51 cm/hr 
(hereafter called the slow rate) to 109 cm/hr 
(the fast rate). 

Specimen preparation 
The crystals are cm over size with a Servo- 
met spark cutter, and arc polished on an acid 
wheel |2] to remove dislocations introduced 
during cutting. The polishing solution (con- 
centrated HCl saturated with CuCL) lies as a 
film between the independently rotated speci- 
men and polishing wheel, and flat, smooth 
surfaces are obtained with no specimen con- 
tact. Previous work[.^] has shown that 3 mm 
of material must be removed from each spark- 
cut surface to eliminate cutting damage. Final 
chemical polishing in a solution of 2.3 parts 
( H.C'OOH, 2(1 parts HNO,. 3.S parts H,PO, 
at 7()-X()°(' produces the required flat, mirror- 
like surface required for etch pit studies. 

Etch pit stiulies 

l.iving.ston's|4) etchant (I part Br, 1.3 parts 
C H;,C ()OH. 2.3 parts H('l. 90 parts H,()) is 
used to produce the iriangultii pits chtirac- 
teristic of dislocations emerging from {III} 
surfaces. 

X-Ray siiaiiet, 

Ftch pitting is unable to resolve individual 
dislocations in most cell walls, so the Ciiiinicr- 
lcnnevin|.3| focusing l.aue method is 
employed for the purpose of obtaining cell 
wall densities. Foils 0T.3 mm thick have been 
prepared by long and carefui acid polishing 
of {lll[ slices of crystal. An X-ray beam 
generated by a Mo target and focused to a 
fine line is directed through the foil, and the 
splitting of the beam is used to provide a 
measure of the misorientalion between cells 
in the foil, and therefore of the density of 
dislocations in the cell wails. 

Fransmission electron microscopy has also 
been employed in the substructure studies. 
It is unsatisfactory because the low disloca- 
tion den.sitie.s and large cell sizes of the crys- 
tals make the probability of finding a useful 
field of view in the foils very small. 


Damping measurements 

The damping is measured at room tem- 
perature at both kilohertz and megahertz 
frequencies. In the kHz range the resonance 
bar Marx composite[6] oscillator technique 
is employed, with the specimen driven at 
2.3 kHz in the longitudinal mode. This tech- 
nique allows damping determination at 25 and 
75 kHz at strain amplitudes ranging from 
2x 10 "tobx lO ®. 

In the megahertz range, ultrasonic attenua- 
tion is measured by the pulse-echo technique 
with a commercial attenuation comparator 
similar to one described in the literature |7]. 
I he same crystals are used for both resonance 
bar and pulse-ccho studies, since the two 
{111} end surfaces of the rods are flat and 
parallel enough to allow direct bonding of 
X-cul or compressional wave transducers 
with Non-Aq stopcock grease. There are a 
number of extraneous energy losses[81 which 
make measurement of absolute values of 
attenuation difficult; however this study deals 
with relative values, and since transducer and 
specimen geometry are maintained from 
sample to sample, the general trends observed 
here are believed to be valid ones. 

j. results 
Siihstriicilire studies 

.Substructure and damping studies have 
been made on crystals grown within the entire 
range of rates, and all trends have been estab- 
lished from the accumulated data. For the 
purpose of discussion, only the results from 
slow-grown and fast-grown crystals will be 
treated in detail. Figure 1 shows the etch 
pitted {III} surfaces of slow- and fast-grown 
crystals. The average cell diameter for the 
fasl-grown crystals is I -fix 10'^ cm and that 
of the slow-grown crystals is 5 0 x 10*^ cm. so 
it is evident that the slower the growth rate, 
the larger the cell size. This fact is consistent 
with previous studies[9, lOJ of solidification 
substructure. Photomicrographs at higher 
magnification (Fig. 2 and 3) indicate that the 
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big. 1 'I he eich pilted (III) surl'accs of slow- and fasl-grown crystals (50x| 
(a) Fast-grown; (b) Slow-grown. 
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Fig. 2. I he eleh pitied ( 1 1 1 ) surface of fast-giown crystal (400 x) 



Fig. 3 The etch pitted till) surface of slow-grown crystal (4()0x). 
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density of ihe random or intra-cell disloca- 
tions (A") is independent of growth rate and 
equal to about 1 x ]0"cm Etch pit counts 
un (111} faces inclined lo the growth direction 
confnm these trends, although the cells tend 
to be elongated rather than equiaxed when 
viewed on faces not perpendicular lo the 
growth direction. 

I he X-ray studies indicate that the average 
niisoiienttition between adjacent cells in the 
slow-grown crystals - 4 x 10 -‘rad.) is 
about twice that (H — 2-2 x 10 ' rad.) between 
cells in fast-grown crystals. Assuming that the 
cell walls are simple tilt or twist boundaries, 
then the separation, li, between dislocations 
is equal to h. the magnitude of the Burgers 
vector, divided by 0, so that the slower the 
growth rate, the smaller the separation 
between cell wall dislocations. 

Since Ihe cells in the fast-grown crystals 
are about one third the size of those in the 
slow -grown crystals, the total length of boun- 
dary intersecting the (111) faces is larger for 
the fast -grown crystals. Thus, the absolute 
number of cell wall dislocations intersecting 
a cm- of (111) surface in the fast-grown crys- 
tals is about twice that intersecting the surface 
of the slow-grown crystals (A"(/') > A"(-S)), 
in spite of the fact that the dislocations in the 
wall of the slow-grown crystals are more 
closely spaced than those in the fast-grown 
crystals (/;(/■ )< //(.V)l. The results of the 
substructure measurements are summari/,ed 
in fable I. 


Dumpinj’ studies 

Measurements as a function of strain 
amplitude at 25 kHz (Fig. 4) indicate that the 
damping. A, is considerably higher in the 
slow-grown crystals. Furthermore, the 
general form of the damping plots differs, 
with the fast-grown crystals tending to show 
a plateau at high strains. This figure points 
out the difficulty of making valid compari- 
sons of various sets of damping data if the 
substructures of the crystals studied are not 
known lo be identical. The figure also suggests 
that the damping dilference is associated 
with cell size, since this is the only parameter 
which varies from crystal to crystal. 

The total attenuation, o. in db/^sec is 
shown as a function of frequency in Fig. 5. 
Ihese data are obtained with a 15 Mz trans- 
ducer and have been duplicated with a 5 Mz 
transducer. The attenuation is highc in the 
slow-grown crystals than Ihe fast-grown ones. 
Since A equals tv divided by 8-686/, where /' 
is the frequency of vibration, the ultrasonic 
data follow the trend of the kHz data, with 
damping increasing as cell size increases. 

The crystal growth and damping measure- 
ments re<.ults are summarized as follows; 

(1) Within the range of the growth rates 
employed, the random density (A") is indepen- 
dent of growth rate and equal to 1 X 10" cm A 

(2) As growth rate increases, average cell 
size decreases. 

(5) As growth rate increases, the inter-cell 
misorienlation and the average spacing 


Table 1. Disloealion densities and fell sizes aj slow- and fast-^rown 

crystals 



( ell si/c 
(Lx l(Vcm» 

Riinilom 

tlislocaliDn 

ilensily 

l.\"x 10 "ciii 0 

Wall 

iliAlocalionh 
pci cm- 
(A" X 10 '•cm 

Maximum 
scparaliun of 
ilixiocalions 
in cull wall 
l/i X KV cm) 

F ;isl ( riown # 1 

1 .S4 

1 2 ,s 

7 01 

13 8 

l-iist-Orown #3 

1-67 

1 l.t 

10-3 

13-2 

Slow-tiruwn # 1 

6 67 

0 92 

4-98 

6-95 

Slow-Cirown #2 

4-17 

1 24 

4-42 

8 82 
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Attenuation of Cu (Uli 



Fig AiiL'niialiim asat’imclion 1)1 Irtquency m mFi/ 


between wall disloeations decreases, but (4) Kesonance bar measuremenis indicate 
absolute number of (A") wall dislocations that the damping of the slow-grown crystals 
intersecting a cm- of ( 1 1 1} surface increases, is higher than the fast-grown crystals. 
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(5) Pulse-echo measurements indicate that 
Ihe attenuation is higher in slow-grown than 
in fast-grown crystals. 

(6) I he damping behavior of the crystals 
seems to be associated with cell size. 

I he most successful theory of dislocation 
damping is due to Granato and l.uckej 1 1, 121, 
who use Koehler'sl 1 3) model, and treat the 
dislocations as strings vibrating in a damping 
medium. They calculate that the total damp- 
ing loss IS composed of a dynamic contribu- 
tion (A/), which is a function of the frequency 
of vibration, and a hysteretic contribution 
(A//), which depends upon vibrational strain 
amplitude. 

I he lesults obtained in this investigation 
indicate that this theory of damping, which 
is based on a random dislocation array, 
cannot account for the damping in crystals, 
which contain ordered dislocation arrange- 
ments. .Since in the general case, as-grown, 
annealed, or deformed crystals contain large 
nuinbeis of dislocations in ordered arrays, 
the model employed and the theory developed 
in Kefs. III-I3J cannot be expected to 
account lor the observed damping. 

St MMAKV AND CONCl.t SIONS 
Siihsinicliirc sliidic.s 

( I ) Within the lange of growth rates 
studied, dislocation cell size can be decreased 
by increasing solidilication rate. 

|2) Ihe slower the growth rate, the larger 
Ihe niisorientation between adjacent cells and 
Ihe smaller the separation between cell wall 
dislocations. 

l3) d he intra-cell random dislocation net- 
work is independent of growth rate. 


Damping studies 

(1) Over large ranges of amplitude and fre- 
quency. dislocation damping is a strong func- 
tion of cell size and cell wall make-up; this 
dependence may overshadow the damping 
contribution from network dislocations. 

(2) Both resonance bar and pulse-echo 
measurements indicate that A/(,S' )/A;(F) a 3. 

(3) Resonance bar measurements indicate 
that at a given cn. A,/(.V) > A;,(f ). and that 
general shape of the A„ vs. t,, plot is a function 
of cell size. 
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DISLOCATION STRUCTURE AND LOW FREQUENCY 
MECHANICAL HYSTERESIS IN COPPER SINGLE 
CRYSTALS' 

J. ORALLA and J. C. BILEIXO 

Oepartmeiil uf Materials Science. Slate Universilv of New York al Stony Hrook. Stony Brook. 

N V 117m U .S A 

{Rf( (‘It ed 5 ScftU'itthcr l%9. w t(‘n\c(l ftn in 8 Oftohir 1969) 

.Ab.slrart-( opper single crysial.s of several orientations were grown and sectioned at various stages 
of prestrain such that both primary and forest dislocations could he diiectly ohserved ustng etch-pit 
technic|ues Half-cycle hysteresis loops, at positive stress has. repiescnling damping frequencies in 
the range of 10 ' Hr were perlormed on these samples ;it room lemperatiire. The results of the 
clch-pil and mechanical damping studies were correlated, and a model was rormuliited which des- 
enhes the damping in terms of a dislocation-dislocation intciaclion model. The controlling pinning 
mechanism was associated with primaiy-forcsl dislocation comhnalions, and a discussion of the 


appiopriale binding eneigy is made. 

I, INTRODUCTION 

AMPi.nuDE-dcpendenl internal frictiisn in 
metals, at high frequencies, is generally 
thought to be hysierelic and as.sociated with 
the interaction of the entire Frank network 
of dislocations with discrete impurity atoms 
in the lattice 11-4], The dislocation unpins 
from the impurity atom by a combination of 
stress and thermal activation with typical 
binding energies of the order of 01 eV[5,61. 
l.ow frequency mechanical damping has been 
observed in the ~ 10'‘ Hz range and it was 
originally suggested that both types of 
damping were of similar originl?]. However, 
recent evidence has east considerable doubt 
on this earlier interprelation(8, 9| and instead 
has postulated that the latter range of damping 
is caused by primary dislocation-forest 
dislocation interactions with binding energies 
- 1 eV. If the forest pinning model governs, 
then a unique opportunity presents itself to 
make a direct correlation between a partic- 
ular range of damping behavior and the 
pinning mechanism responsible for the 
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hysteresis. The pre.sent experiments report 
the results of comparing the forest and 
primary dislocation structures observed 
from etch-pit analysis with the low frequency 
damping behavior of copper crystals of 
several orientations. 

2. EXPERIMENTAI, PROCEDURE 
A modified Bridgman technique was used 
to grow copper crystals in vacuum from 
99-999 per cent grade material purchased from 
A.SAKCO. The crystals were acid-sawed 
into samples which had 25 mm gage lengths 
and square cross-sectional areas of 22-5 mm®. 
The tensile axes of the orientations studied 
are .shown in Fig. I with: crystal zf 19° from 
(100). a 14° from 1 1 10), and C T from (112); 
because of the proximity to these directions 
crystals A, B, C will be designated by these 
indices in the remainder of the text. These 
crystals were chosen at these orientations 
to represent the general range of slip character 
that can occur for fee copper. All crystals 
were annealed in vacuum for 24 hr. in graphite 
trays, -at 1070°C and then furnace cooled. 
Samples were chosen after this anneal so that 
for all orientations the initial grown-in 
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1 li; I Oncnlalion nl' IdrigitiJilinai .i\is foi ihc llirce 
ciystals 

density of dislocations was 2xl0'’cni-. 
with an average siih-bonndary spacing of 

i mm, 

I ensile tests were perloi med on an Instron 
machine using a strain rate 1-7 K 10 'sec. ' 
for prestraining and of 10 '' sec. ' for pcrfoim- 
ing the low fretiucncy damping experiments. 
A high strain re.solution microstrain network 
capable of displacement sensitivities of 1 x 
10 ’ 111 . was employed in these experiments. 
A delailed description of the microslrain 
apparatus and calibration procedure for drift, 
lineal ilv. and sensitivity appears elsewhere 
IS. It)).' 

A one micron crack-free chromium film 
was plated on all samples, because it was 
found convenient to extend the amplitude 
range of the decrement at any particular 
prestrain. I he influence of the film and a dis- 
cussion of any possible suiface effect related 
to low frequency mechanical hysteresis have 
already been treated (8, 1 1]. 

It was important to be able to observe both 
the primary and forest-dislocation densities 
for each crystal in order to independently 
determine the number of primary dislocation 
loops and the number of possible forest pins 
available. In order to accomplish this, cry.slals 
were .sectioned and polished along the appro- 
priate (111) planes using a procedure similar 
to Young and Wilson (1961)1121, and then 
these surfaces were etched to reveal the 
dislocation structure using l.ivingston 
(1960)113]. 


3 . RESULTS AND DISCUSStON 

General 

In studying the influence of structure on 
low frequency mechanical damping behavior, 
the amplitude dependence of the decrement 
was taken at prestrains chosen so that the 
three orientations which were studied had 
a large range of overlap (e.g. samples at 
(110) orientation with prestrains -0-025 
.showed damping only over a 150g/mm- 
to 300g/mm’), Also, it was neces.sary to 
keep the amount of prior deformation small 
enough so that the dislocation densities 
could be determined by etch-pit methods; yet 
large enough so that a significant range of 
amplitude dependence could be observed. 
Table 1, column 1 reports the results of 
the primary densities measured for the 
three crystals. The second aim was to keep 
the foiest densities approximately constant 
(column 2, Table 1 ) and this was accomplished 
by experimentation using as a guideline the 
stress-forest density relationship of Basinski 
and Basinskil 14|. Thus it was possible to 
vary the number of primary loops by about a 
factor of 2 while the number of available 
forest junctions stayed approximately 
constant. The amplitude dependence of the 
decrement is shown in Tig. 2 for the crystals 
reported in Table I, Virtually no amplitude 
dependence is associated with 1 1 1 2) and 
even for the other two cases the dependence 
is rather small compared with that observed 
in the kHz range. 

Figure .7 illustrates the orientation depen- 
dence of the decrement. A, over the ampli- 
tude range where the data in Fig. 2 coincides. 
The amplitude dependence is seen to be 
largest for the (110) crystal and becomes 
smaller as the stress axis moves from (100) 
through (112) directions. This effect is 
analogous to the prestrain dependence of 
the decrement at fixed orientation, which 
is shown in Fig. 4. In the strain-dependent 
case, the primary density for fee copper 
increases through work-hardening Stage I , 
but the forest density remains essentially 
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Table 1 . 

Measured ctch-pil valin 

".V 

(T■y^U\l 

/V 

Primary density 
(em-l 

/') 

loresi dcnsiiy 
(cm -■) 

1, 

(cm) 

Presiress 

(g/mm’l 

(Hill 

JSx 10’ 

9-6 X 10* 

.1-2 X 10 • 

774 

(KKII 

60 X 10’ 

11 X 10’ 

.10 X 10 ’ 

.TSO 

(1121 

SOX 10’ 

1 .1 X 10’ 

2 Sx 1(1 ’ 

.S9.5 



I I)! 2 Amplilude-depemlencc of the lieciemcm. i. al the iniiitiitL’d 
piesliiiiii'i <(,. lor each oncnialion Stress., ir. is the axial component. 


unchangotl( I4(. The conclusion, that is 
suggested by the results shown in l igs. 3 
and 4. is that the amplitude dependence of 
the decrement for low frequency damping is 
independent of the mode in which a particular 
dislocation structure is produced, (i.e. either 
by producing relatively constant prestrains 
at various orientitions oi by varying the 
amount of prestram for a fixed orientation). 

4 . DISLOCATION STRUCHIRK 
In the present experiments, both the 
primary and forest dislocation structures 
were measured directly using the method 
described in the experimental procedure sec- 
tion. A photo-micrograph of a typical forest 
plane section before and after prestrain is 
shown in hig. 5. The section obtained 
before straining was produced Irom a section 
of the crystal immediateh adjacent to the 


gage length at either end of the sample. About 
an order of magnitude rise in the forest 
density is apparent even though the sample 
was still in work-hardening stage 1. This is 
generally the case for coated crystals since 
secondary slip occurs before a well developed 
stage 2 hardening is observed in the macro- 
scopic stress-strain curve. The observed 
increase in forest density agrees with the 
stress-forest density relationship of others 
1 14). fbe complete clch-pit data for all 
crystals appears in T able I . 

Previous work on lowtiequciicy mechanical 
hysteresis has not correlated directly measured 
damping behavior with structures. The 
dislocation structures have either been inferred 
from the dislocation measurements of 
other;! |8| or have been calculated from the 
assumed dumping modelll51. In the next 
section a .simplified damping model will be 
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ORIENTATION 

1 ip f Oni;iitatK)n dcpciuloncc ol'lhc decrement tor the 
three ctiMrilc with common I'oiesl diclocalion densities 
le rtenilv constitnl density and distribution of nodes 
Slicss .iiiipliliide indiCriled on each curve is in(p/niiiv'» 

chosen and the magnilude of the damping 
level calculated from the meastircd etch-pit 
arrays. 

Mi'cliiitti.sin tor energy losw 
It has been shown earlier|8, l.‘l| that the 
modulus defect can be quite large, of the 
order of l.‘'-2.‘' per cent for low frequency 
hysteresis experiments. This defect was 
found to be almost entirely caused by the 
large bowing strains associated with the 
excess primary loops produced by the 
plastic deformation (8], f urthermore, at the 
large stress amplitudes which have been 
used here, i.e. up to =• -1 the flow stress, all 
loops have already broken away from 
impurity pins at stress levels equivalent to 
the preload level in the present experiments 
| 8 |. 

The strongest primary-forest dislocation 
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PRESTRAIN X 10^ 

hip 4 I’lcsiinin dependence ol'llic dccrcmcni .il cunsliint 
orieniimon. for an c<i>y glide ery.slal. lonpiliidinal axis 
K" riom (HO). Suc.ss-ampliuidc indieaied on each curve 
IS m(p/mm->. iploi obtained from diila in Ref 18|) 

interaction is assumed to be that between 
attractive triple point Junctions |16J. figure 
6 shows a sequence which illustrates the 
motion of a primary loop pinned at four 
triple nodes (7 ). As the stress is increased, 
the loop breaks away from the weaker nodes; 
longer loops will generally break away first, 
if all nodes are of approximately the same 
binding energy. On reversing the stress, the 
loops collapse back and recombine. The 
general physical feature of the dislocation- 
strain vs. stress is analogous to that originally 
envisioned for impurity pinning in the 
Granato-Liickc model [4). Yet for all the 
similarities, there are still some very important 
differences. These arc: (1) binding energy 
of pinning agent is about an order of magni- 
tude higher than for impurities, (2) there are 
no fixed node points since the nodes can 
move under the applied stress, and (3) 
bowing strain is very large, of the order of 
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Fig 5(A). 



Fig. 5(B). 

Fig. 5. Microphotographs of the forest dislocation struc- 
ture for crystal A (lOO). Upper photo taken before 
straining and lower after a prestrain of = 0 025. About 
an order of magnitude increase in dislocation density 
occurred. Magnifications indicated on photos. 


( I- acini; page 1950) 
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t ig 6, Schematic illiistraiing mode m which mechanical hysteresis 
can iirise from pnmary-forcst dislocation interaction Solid lines 
represent a primary dislocalion which lies on the slip plane (plane 
of page) Dotted lines are the forest dislocations which thread 
through the slip plane. Where the primary and forest dislocations 
intersect a short segment of recombination occurs and a pair of 
triple nodes is formed, indicated by a / . Under stress primary bows 
out (t) junctions break down with increasing stress, (21. 1.1). (4). 
On relaxing the stress, primary dislocation moves back and the 
nodes ( 7 ) are retormed. 


10 and hence the assumption of small 
dislocation curvatures becomes untenable. 

At low stress amplitudes, when the first 
loops break away, the dislocation array is 
similar to a collection of double loops. For 
this case, a quantitative comparison of the 
decrement level with dislocation structure 
can be made. 

The decrement is given by A = 28alii 
where fiu is the dislocation strain and a is 
the elastic shear strain|16). For fee copper, 
more than one slip system is operative, so that 
for (he /th system: 

( 1 ) 

ill ~ ~T — • 

6/1 

Where, N, are the number of loops, /, the loop 
length, T, the resolved shear stress, all for the 
/th slip system. The appropriate shear 
modulus is n- 

The decrement is then given by A 25/i//i 
™ 2l)ala so that from equation ( I ): 


3 


summed over all twelve slip systems. Ai is a 
distribution factor proportional to the stress 
operating on each slip system. It the number 
of dislocations on the primary is equal to 
that on another slip system, i.e. p„ = Pf and 
the .systems are equally stressed, then a signi- 
ficant proportion of the decrement would 
be due to dislocations lying on slip systems 
other than the primary. This could presumably 
be the case only at large strains in stage 2 
for all crystal orientations studied in the 
present experiments. The (112) crystal would 
also be subject to this full summation at small 
strains; since both the primary and conjugate 
slip systems are nearly equally stressed, 
t/t,, = (F93, but at the prestrain used here 
p„ > pj so that only a few percent correction 
is introduced considering terms in the summa- 
tion other than that due to the primary system. 
Thus for all crystals in the prestrain range 
considered 

10,2 5 12 ' 


( 2 ) 


Figure 6 illustrates the basis of applying 




19 ?: 
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equation (2) to the dislocation-dislocation 
interaction mode!. The distance between 
attractive junctions is a factor « times the 
forest spacing, l or a random three dimen- 
sional network « - 3, but for prestrained 
crystals, with forest multiplication, a is more 
nearly equal to 2 (16). The loop strength for 
the expanded double loop can then be seen 
to be Ajf. where /, is the modal forest 
spacing^ taken from p/ I/. The number 
of primary loops is likewise obtained from 
the measured values in Table 1, i.c. Ip,, 

N,. (cm '). The decrement is thus from 
equation (2): 

^ (3) 

I he initial values of ihe decrement for the 
three crystals, calculated from equation (3) 
using the data in 7 able 1 , are: 

A (IK)) 0-0I3, A (1(K)) -0-()l8. 

A (112) --0-()l8. 

I hese are in good agreement with the initial 
decrements observed in big. 2 for the three 
crystals. 

I he amplitude-dependence, on the basis 
of this model, can arise from. (I) the activa- 
tion of shorter loops with increasing applied 
stress, (2) breakdown of stronger junctions. 
(3) dislocations which have already broken- 
away becoming multi-loops i.e, a progressive 
breakdown of the primary dislocation -forest 
dislocation combinations. This view is 
consistent with etch-pit studies of the pro- 
cesses leading to yielding in copper crystals 
117.181. 

Some final comments should be made con- 
cerning the binding energy as.sociated with 


‘Httaiisc a Is II very scn.silivc I'lmvlion of/,, LSiieful 
sl;ilJSlii.'s weif taken I'm fi,. Al least 2 HI' cteh-pils 
weie eiiunlcU loi )>, on e.ieh er\slal, with 9(1 per cent of 
(tie I, Klines lallnn; within +2(1 pet cent of the modal 
values for the piesiraiiis used here 


primary-forest dislocation combinations. The 
amplitude-dependent damping caused by 
impurity-dislocation interactions, which 
has been discussed by Granato-Liicke, 
leads to binding energies of the order of 
0-leV|4]. The process considered here is 
formally the same, i.e. hysteretic, with the 
forest-primary attractive junctions forming 
the ‘weak pins’ and the incipient cell structure 
the strong nodes which limit catastrophic 
breakaway. The structures shown in big. 5 
indicate that Ihe forest is heterogeneous 
and that as a first approximation this idealized 
view is in reasonable qualitative agreement 
with the observed forest dislocation arrange- 
ments. This model can be checked for 
plausibility by calculating the binding energy 
which would be associated with the data 
reported in 7'able I. From Teutonico. 
Granato. and l,ucke|6] the binding energy 
Un required for mechanical breakaway is 
given by; 

Un^tT„h-l (41 

where tr,, is the breakaway stress, taken here 
as Ihe value of the minimum shear stress 
amplitude al which damping is observed. 
7'hus, from big. 2 (r,, - lOOg/mm-; h is the 
burgers vector, 2 5x10 “cm; and / is the 
spacing between pinning points, which is 
= 3xi0 ^cm from Table 1. Using these 
results, one finds that (/„ ==• I eV which is in 
line with Ihe values expected from the assumed 
forest-primary dislocation model. 

The correlation between dislocation struc- 
ture and low frequency mechanical hysteresis, 
given here, provides reasonable evidence 
that primary dislocation -forest dislocation 
interactions control the damping behavior 
in this low frequency, high amplitude range. 

l he authors wish to thank Mr. J. 
Pndans for his help in the eteh-pil measuiemenls and 
Mr, K 1 andon for huiidmg the acid-seelioning device, 
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DEFORMATION RATE EFFECTS ON THE ATTENUA- 
TION DURING LOADING, UNLOADING, AND 
RELOADING OF ALUMINUM CRYSTALS 

WOLKGANC; SACHSE and ROBERT E. GREEN, JR. 

Department of Mechanics, The Johns Hopkins University. Ballimoie. Md 712IK. U S.A. 

tRc( oiifd S Si'plt'inhcr 1969: i/i rcvhed form 24 Septmibcr 1969) 

Abstract - fhc influence of deformation rale on the ultrasonic attenuation of aluminum single crystals 
has been inve.sligated over a strain rale range from 2x 10 *sec ' to 20 .see '. In order to make this 
study a technique was developed which permits ultrasonic altcnuation measiiremcnls to be made up 
to a rale of 1800 measiiremcnts/sec t he ultcnuation data exhibit marked strain rate elfccts in com- 
parison with convcniional stress-strain curves. In addition, attenuation data recorded during the 
lapid recoveiy period immediately subsequent to unloading show that ihe recoveiy behavior is de- 
pendent on the rate of removal of the externally applied load. Subsequenl microplaslic loading experi- 
ments are also alfectcd by the initial deformation rate. 


I. INTRODUCTION 

Dufc TO the extreme sensitivity of ultrasonic 
attenuation measurements for detecting dis- 
location motion and defect interactions in 
crystalline materials, various investigators 
hiive made ultrasonic attenuation measure- 
ments both during plastic deformation and in 
the subsequent recovery period following un- 
loading of the test specimens 11-6), The pur- 
pose of the present investigation wa.s to make 
ultrasonic attenuation measurements with a 
time resolution of milliseconds and to com- 
pare the results obtained from these rapid 
mcasuiemenls with the results of previous 
investigators who have been limited with 
I'cgard to loading and unloading rates because 
each attenuation measurement required a 
lime interval varying from seconds to minutes. 

2. EXPERIMENTAL PROCEDURE 
An Instron testing machine was used in 
the range O'tfOS-.tOcm/min and a Sonntag 
Universal Impact Tester was modified to 
permit recording of load and deflection data 
from a specimen undergoing compressive 
deformation at a rate of 5000cm/min. l or 
the high speed tests, the load and deflection 
were measured using Tektronix 0-units. 


Cylindrical specimens were tested with one 
end cemented into a steel block to piotec! 
the quartz transducer. Square crystals were 
tested with the transducer held onto that 
lateral face for which the particle displace- 
ments of the ultrasonic wave had Ihe largest 
shear component on the primary slip plane. 
A I aslax WF17 high speed camera and a 
Kodak t ine II camera were used to record 
the pulse echo patterns. The high speed cam- 
era was used in the streak mode and recorded 
simultaneously the echo pattern, either the 
load. or deflection, and a liming light mark. 
The Kodak camera was used in time-lapse 
fashion with picture rates varying from 0-3 to 
3 piclures/sec. 

A Sperry Ultrasonic Attenuation ('ompara- 
tor and X-cut quartz transducers were used 
to generate and receive It) MHz quasi- 
longitudinal waves. The maximum pulse 
repetition rate of 1800 pulses/sec was used. 
This repetition rate limited the testing speed 
of the experiments, since the other compon- 
ents of the system are capable of operation up 
to 8000 pulses/sec. The specimens used in 
this study were taken from 10-in. long mother 
cry.stals, of cither i in^ or i in. dia. round cross 
section, and were cut and polished to give an 
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initial gauge length of ijin. The square crys- 
tals were polished on the lateral faces in a 
similar manner as the ends. All specimens 
used in a particular comparison study were 
from the stime mother crystal and were of 
the same crystallographic orientation. 

X RKSl I. rS AND DISC IISSION 

figure I shows the change of attenuation 
vs. strain curves as a function of specimen 
position along the lO-in. length of a mother 
crystal suhjected to tensile elongtition. Seven 
transducers, equally spaced along the length 
of the mother crystal, were connected through 
a switching circuit to the ultrasonic unit. The 
sw'ilching circuit was also connected to the 
time-lapse camera and was able to cycle all 
seven transducers in } sec. The results give 
Ihe variation of attenuation during tensile 
deformation as a function of specimen locti- 
tion and show that the lowest crystal section 
e.shibitcd the least change of attenuation with 
deformation. 

I igure 2 shows ihc change of alienuation 


data and stress data plotted as a function of 
strain for six square cross section specimens. 
Bands indicate the variation of attenuation 
due to specimen location in the mother crys- 
tal, It is seen that the attenuation of the more 
rapidly deformed crystals increases more 
markedly with increasing strain than that of 
the slowly deformed ones. Note, for compari- 
son, that the stress-strain curves exhibit 
essentially no strain rate influence. 

The change of attenuation in cylindrical 
crystals as a function of time after deforma- 
tion at .‘'Ocm/min is shown in Fig. 3. All 
specimens were unloaded rapidly and show 
little, if any, recovery of attenuation for up to 
0- 1 min after load removal. Thereafler. the 
damping recovered according to an approxi- 
mate / power law in agreement with the 
results of earlier work [7. 8]. 

Similarly, in square crystals deformed at 
0-005cm/min to 3'9 per cent strain and 
.S()()0 cm/min to .^-1 per cent strain and un- 
loaded rapidly, it is seen from i ig. 4 that the 
recovery of damping does not begin until 0‘01- 



I Ig. 1 Simiiliancoiisly measured iillcnualion changes at seven posiiions in a 
lO-in Idiig square crystal undergoing tensile deformaliim at O O.S em/min. 
7 lacings from coinputci plots of least square fit calculated atlemiation dala 
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TIME (minutes) 

1 1 ^. .1 I he thanse of adenuiilion during lecowry of cylindrical crystals which had been 
dclormcd at 511 cm/inin to the indicated linal strain levels. 



T(WE (mifiufts) 

I ig 4 The change of alleniialioii during recovery of square cioss section crystals which had been deformed at 0-()05 
and 5(KW cm/min to the indicated linal strain levels. 

01 min after litading has slopped. In this rapid loading rates a slow unloading rate could 
case, however, the recovery thereafter is not be achieved. A crosshead speed of 0'005 
much slower than that shown in hig. cm/minwaschosen for the loading rate and for 
possibly due to the extent to which these the slow unloading case the testing machine 
specimens were deformed. This is in contrast crosshead was merely reversed, so as to give 
to earlier conclusions with regard to the in- an unloading rate of 0'005 cm/min, while for 
fiuence of degree of deformation on recovery the fast unloading rate, breaking a piece of 
[3]. glass in series with the lest specimen unloaded 

The effect of rate of unloading could only it in less than 40 p.sec. The loading data of 
be studied at a slow loading rate, since at three crystals and the unloading data of two 
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crystals are shown in l-ig. 5. The result for the 
rapidly unloaded crystal has been discussed 
above. The slowly unloaded crystal at first 
exhibited the same behavior as the rapidly 
unloaded specimen but as soon as the cross- 
head began its reverse travel the attenuation 
increased initially and then recovered simi- 
larly to the rapidly unloaded specimen. 

After an extended time following deforma- 
tion, the attenuation of a crystal approaches 
its initial predeformation value. It has been 
found that upon subsequent reloading of the 
crystal to load levels far less than the maxi- 
mum attained in the previous deformation, the 
attenuation exhibits a very reproducible 
change with loading and unloadingl91. Speci- 
mens have been repeatedly loaded and un- 
loaded for 2.^ cycles and identical attenuation 
changes with loading in each cycle have been 
observed. The plastic strain associated with 
each cycle waslcss than 10 ^ 

If a specimen is loaded and this load is 
maintained (except for the small decrease 
due to stress rela.xation) for approximately 
I min, upon unloading and subsequent re- 
loading the damping exhibits a di.slincl dip 


in the attenuation with loading curve at that 
load level which was previously maintained 
on the specimen for the short hold time [9], 
.Several dips can be seen if a specimen is 
loaded to a particular load level, maintained 
at that load for a short time, unloaded to a 
lower load level, maintained at this load level 
for a short time, and this procedure continued 
in steps until the specimen is completely un- 
loaded. Upon subsequent reloading the 
attenuation curve will display distinct dips 
at those load levels which had been main- 
tained on the specimen in the previous stepped 
unloading cycle. This is shown in fig. 6 
where the successively maintained loads were 
60, 45. .^0 and 15 kg on a specimen which had 
been previously loaded plastically to a load 
of 1 80 kg at a rale of 0'005cm/min and un- 
loaded at the same rate. The attenuation upon 
reloading shows distinct dips at all the load 
levels which had been maintained on the 
specimen during the previous cycle. 

The specimen’s prior history plays a part in 
the amplitude of the attenuation dip. In one 
test the specimen was plastically loaded at 
0'005cm/min and in another test the speci- 


EFFECT of UNLOADING RATE on RECOVERY BEHAVIOR 
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men was plastically loaded at .‘iOcm/min. Both 
specimens were rapidly unloaded, then each 
crystal was carried through the same loading- 
hokl-unloading-hold, etc. cycle as the crystal 
used with I ig. 6. The plots of Fig. 7 resulted 


upon reloading past each of the load levels 
15, .^0, 45 and 60 kg. In both cases one ob- 
serves that the attenuation dip is either sup- 
pressed or eliminated. This result is associated 
with the rapidity of the previous plastic un- 


FIRST LOADING SECOND LOADING 



I ij; S Di.ini.im Ucpii.lmg the rcliwulirn! tvoli; used In nbserve the loin.1 nieirnry 
tiUeniialiDii dip 


First Loading Rale 50 0 cm/min 

Ropid Unload 

Relood ot 0-005 cm/min 


First Looding Role 0-005 cm/min 

Rapid Unload 

Relood ol 0-005 cm/min 




I ig 7 Alleriiialion-timf lecords which illustrate the influence tif prior unloading talc 
on the magnitude of the load memory attenuation dip 
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loading, since the 0 005 cm/min deformed 
crystals arc similarly affected as the 50 cmimin 
deformed crystals. The inability to load a 
specimen at a high deformation rate and then 
unload it slowly prevents a complete check 
of the hypothesis that only the unloading rate 
in the previous plastic deformation affects the 
observance of the attenuation dip in subse- 
quent microplastic reloading. The dip ampli- 
tude decreases as a function of time after 
application of the microplastic load. In alum- 
inum crystals the attenuation dip disappeared 
after 24 hr. loading a specimen to a large 
plastic strain erased all memory of the dip 
instantaneously, but new dips could he ob- 
served by repeating the load-hold-unload 
cycle. 
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